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SECTION  1 


INTRODUCTION 


High  power  microwave  (HPM)  technology  is  being  developed  in  the  U.S.  for  a  variety  of 
both  military  and  nonmilitary  applications.  In  the  military  arena,  the  tactical  applications  for  HPM 
weapons  have  grown  to  dominate  the  national  effort  after  an  initial  SDI  based  strategic  program  in 
the  middle  1980's.  There  is  evidence  of  widespread  interest  abroad  in  HPM,  which  may  result  in 
HPM  threats  to  U.S.  equipment. 

Consequently,  a  program  has  been  underway  for  the  last  ten  years  which  has  investigated 
many  aspects  of  HPM  technology.  It  is  sponsored  by  DNA  and  located  at  Physics  International 
Company  (PI).  In  a  previous  report,  (DNA  TR-89-31-V1,  High  Power  Microwave  Source  and 
Facility  Development)  initial  efforts  in  this  program  were  described.  An  HPM  testing  facility  was 
constructed  so  that  the  effects  of  HPM  on  military  electronics  could  be  assessed.  This  facility  has 
been  open  for  testing  activities  since  mid  1985.  A  variety  of  systems  and  electronic  packages  have 
been  tested  in  high  power  environments.  The  facility  was  than  expanded  to  include  lower  power 
capabilities  and  simulation  of  a  variety  of  sophisticated  defeat  mechanisms.  Source  development 
has  continued  in  order  to  broaden  the  capability  of  the  DNA/BMDO  facility. 

The  requirements  of  this  project  have  been  to: 

1)  improve  and  expand  the  sources  available  in  the  facility  for  testing  purposes, 
and 

2)  perform  specific  tasks  under  direction  of  DNA  about  the  applications  of  HPM. 

In  the  previous  program  many  such  tasks  were  undertaken.  In  this  project  the 
HPM  application  was  power  beaming. 

The  requirements  of  this  program  were  met  by 

1)  Demonstrating  that  a  compact  linear  induction  accelerator  can  drive  HPM 
sources  at  repetition  rates  in  excess  of  100  Hz  at  peak  microwave  powers  of  a 
GW.  This  was  done  for  the  relativistic  magnetron.  Since  the  conclusion  of  this 
contract  such  specifications  have  also  been  demonstrated  for  the  relativistic 
klystron  under  BMDO  funding. 
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2)  Demonstrating  an  L-band  relativistic  magnetron,  the  first  of  its  kind.  This 
device  has  been  used  both  on  our  single  pulse  machines,  CAMEL  and 
CAMEL  X,  and  the  repetitive  system  CLIA. 

3)  Demonstrating  that  phase  locking  of  sources  together  in  large  numbers  is  a 
feasible  technology  and  showed  the  generation  of  multigigawatt  S-band 
radiation  in  an  array  of  relativistic  magnetrons. 

4)  Partially  developing  a  relativistic  klystron  amplifier  with  a  broad  range  of 
tunability  or  frequency  agility.  Frequency  agility  is  likely  to  be  a  feature  of  high 
power  microwave  weapons  which  could  threaten  U.S.  equipment. 


The  lessons  learned  in  this  project  are  that: 

1)  HPM  sources  can  be  operated  at  high  repetition  rates  if  suitable  design 
principles  are  used.  These  principles  relate  to  the  use  of  clean  surfaces  and 
good  vacuum  technique. 

2)  Greater  power  is  available  at  lower  frequencies.  Device  scaling  indicates  this 
and  it  has  now  been  verified  at  high  powers. 

3)  Phase  locking  of  oscillators  is  a  practical  technique.  Phase  locking  can  be  used 
to  generate  powers  of  ~  10  GW  and  may  even  extrapolate  to  100-GW  levels. 

4)  Frequency  agility  is  practical  at  high  power. 


In  order  to  make  the  substantial  amount  of  information  in  this  report  readily  accessible, 
introductory  sections  are  brief;  they  are  supported  by  appendices  which  describe  many  aspects  of 
the  work  in  considerable  detail. 


Section  2  describes  the  development  of  a  repetitive  pulse  power  system  for  driving  HPM 
sources.  The  system  is  called  Compact  Linear  Induction  Accelerator  (CLIA)  and  is  described  in 
detail  in  Appendix  A. 

Section  3  describes  the  development  of  relativistic  magnetrons  to  lower  frequency  and  the 
phase-locking  of  an  array  of  relativistic  magnetron.  Appendix  B  contains  papers  detailing  these 
developments. 

Section  4  describes  the  development  of  a  relativistic  klystron  amplifier  with  frequency 
tunability/agility.  Initial  use  was  in  tests  of  the  Pershing  n  GIEU  system. 
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The  applications  task  executed  under  this  program  was  a  subcontract  to  New  York 
University,  Department  of  Applied  Science.  This  task  was  a  study  of  earth-to-satellite  microwave 
power  transmission  to  provide  recharging  power  to  an  orbiting  SDI  platform.  The  system  analysis 
is  contained  in  Appendix  C. 
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SECTION  2 


PULSED  POWER  DEVELOPMENT 


The  generation  of  microwaves  at  high  power  has  progressed  largely  with  single  shot 
devices.  Applications,  however,  require  repetitive  operation  at  substantial  repetition  rates, 
implying  high  average  power. 

An  attractive  pulse  power  system  for  high  repetition  rate  HPM  is  the  hard-core  linear- 
induction  accelerator  (LIA),  where  “hard-core”  refers  to  a  central  cathode  shank,  not  an  electron 
beam.  The  repetitive  operation  advantage  of  the  LIA  stems  from  all  pulse  compression  being  done 
at  moderate  voltages.  It  uses  the  accelerator  structure  to  add  parallel  voltage  pulses  into  a  single 
high  voltage  output.  In  addition,  systems  using  magnetic  pulse  compression  for  switching  have 
inherently  long  lifetime  and  eliminate  the  erosion  problems  of  spark  gaps. 

This  system  is  compact,  which  is  an  advantage  for  any  application.  The  basic  reason  for 
the  compacmess  is  that  the  voltage  from  individual  sections  is  added  up  in  vacuum  so  that  the  peak 
voltage  appears  only  on  the  load. 

To  pursue  this  line  of  development,  under  this  program  we  have  built  a  compact  LIA 
system  (CLIA)  consisting  of  a  ten-cell  accelerator  driven  by  ten  magnetically  switched  water- 
insulated  PFLs.  The  induction  cells  and  PFLs  of  CLIA  are  shown  in  Figure  2-1.  These  are 
charged  in  turn  by  a  single  two-stage  magnetic  compression  unit,  which  in  turn  is  driven  by  a 
thyratron-switched  intermediate  energy  store  unit  and  command  resonant  charge  unit. 

The  CLIA  system  was  developed  to  achieve  the  specifications  shown  in  Table  2-1.  These 
specifications  have  been  achieved.  The  facility  is  now  used  for  a  variety  of  HPM  source 
development  and  testing  functions.  Appendix  A  contains  a  brief  description  of  the  CLIA  system  in 
its  initial  60-ns  manifestation.  The  pulse  duration  was  later  extended  to  100  ns.  This  extension 
capability  was  included  in  the  original  design.  Appendix  B  contains  two  papers  describing  CLIA 
operation  with  magnetrons  and  klystrons. 
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Figure  2-1.  Pulse  forming  lines  and  induction  cores  of  CLIA. 


Table  2-1.  CLIA  parameters. 


Output  Voltage 

750  kV 

Output  Current 

lOkA 

Impedance 

75  Q 

Ihilse  Duration 

100  ns  (upgraded  from  initial  60  ns  operation) 

Beam  Peak  Power 

7.5  GW 

Energy  per  Pulse 

750  joules 

Average  Power 

150  kW 

Repetition  Rate 

200  pps 
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SECTION  3 


SOURCE  DEVELOPMENT 

Source  development  activities  have  proceeded  along  two  completely  different  directions. 
The  first  was  to  use  CLIA,  which  is  described  in  Section  2,  to  operate  high  power  sources 
repetitively  at  high  repetition  rates.  The  first  source  to  be  so  developed  was  the  L-band  relativistic 
magnetron,  shown  in  Figure  3-1.  The  initial  operation  of  the  magnetron  ran  into  some  difficulties 
with  "dropouts"  due  to  breakdown  inside  the  resonator.  The  fundamental  cause  was  surface 
contamination.  Secondary  causes  were  virtual  leaks  and  outgassing  from  plastic  anodized 
surfaces.  After  eliminating  these  contamination  sources,  we  were  able  to  operate  the  magnetron  at 
1  GW  peak  power  at  a  repetition  rate  of  100  Hz  and  0.7  GW  at  200  Hz,  thereby  achieving  average 
powers  of  ~6  kW.  We  also  demonstrated  a  600  MW,  1,000  Hz  burst  of  five  shots.  These 
experiments  are  described  in  Appendix  B. 

The  second  line  of  development  was  the  phase  locking  of  oscillators  together  to  produce 
much  higher  powers  than  are  available  in  a  single  source.  We  conducted  an  experiment  with  up  to 
seven  relativistic  magnetrons  in  S-band.  This  experiment  was  a  successor  to  a  successful  two- 
magnetron  experiment  done  in  previous  years.  Figure  3-2  shows  the  4-magnetron  configuration. 
Figure  3-3  is  a  photo  of  the  7-magnetron  assembly.  These  seven  magnetrons  were  built  into  a 
single  module  with  a  common,  pulsed  power  driven  vacuum  system  and  magnetic  guide  field. 

The  module  and  the  experimental  results  are  described  in  detail  in  Appendix  B.  The  net 
result  was  that  total  extracted  power  was  2  GW  with  four  magnetrons  and  2.9  GW  with  seven 
magnetrons.  One  geometry  was  found  to  produce  qualitatively  better  phase  locking  operation  than 
any  other:  the  "hybrid"  geometry.  This  is  a  maximally-coupled  array  in  which  each  source  is 
connected  to  all  of  its  nearest  neighbors.  The  general  result  is  that  more  connection  between  the 
magnetrons  produces  better  phase  locking.  The  phase  coherence  of  the  sources  was  ±  20°,  which 
is  sufficient  to  allow  coherent  superposition  of  radiation  on  a  target. 

Completion  of  the  magnetron  module  experiment  shows  that  very  large  powers  (-100  GW) 
could  be  produced  by  creating  an  array  of  such  modules.  Therefore,  phase  locking  can  be 
considered  to  be  a  demonstrated  an  in  HPM. 
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Figure  3-1.  Repetitive  L-band  magnetron  on  CLIA  (shov^n  in  background). 

The  magnetron  radiation  is  extracted  in  two  waveguides  and 
absorbed  in  loads. 
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Figure  3-2.  Multiple-magnetron  phase-locking  module  with  four  magnetrons. 
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Figure  3-3.  Seven-magnetron  module  in  central  connection  geometry. 


SECTION  4 


FACILITY  UPGRADE  AND  OPERATION 

4.1  HIGH  POWER  S-BAND  FREQUENCY  AGILE  KLYSTRON. 

PI  has  developed  a  frequency  agile  relativistic  klystron  under  its  own  funding  in  order  to 
explore  this  very  attractive  source  type.  The  Relativistic  Klystron  Amplifier  (RKA)  has  been  used 
in  effects  testing  described  below. 

The  narrowband  HPM  sources  developed  to  date  are  “laboratory  prototypes”  constructed 
with  limited  lifetime  components  and  designed  without  great  attention  given  to  engineering 
reliability  issues.  In  response  to  this  lack  of  what  could  be  termed  a  “deployable”  HPM  microwave 
source,  Physics  International  has  developed  a  high  power,  S-band,  klystron  that  scales 
conventional  klystron  (i.e.,  non-relativistic)  technology  to  the  200  MW  level. 

The  electron  gun  and  seven  bunching  cavities  are  patterned  after  a  SLAC  design.  The 
general  layout  is  shown  in  Figure  4-1;  Figure  4-2  is  a  photo  of  the  klystron  during  assembly. 
Rather  than  synchronously  tuned,  the  five  bunching  cavities  are  stagger-tuned  to  produce  an 
instantaneous  10%  bandwidth  centered  at  2.9  GHz.  A  coupled-cavity  output  section  which  feeds 
a  single  WR-284  output  arm  allows  microwave  extraction  across  the  entire  200  MHz  band.  The 
design  uses  a  thermionic  cathode,  metal-ceramic  hydrogen-brazed  assemblies  and  bake-out 
procedures  characteristic  of  hard  vacuum  tubes.  Sufficient  water  cooling  has  been  incorporated  to 
permit  operation  up  to  l-|is  pulse  duration  at  100  Hz  repetition  rates. 

Table  4-1  shows  the  design  parameters  against  the  measured  parameters  during  the  initial 
operation.  Peak  power  of  140  MW  has  been  generated  at  15%  electronic  efficiency  despite  the 
perveance  values  being  50%  higher  than  design.  Thus  far,  the  device  has  been  operated  at  1  Hz 
repetition  rate;  however,  this  does  not  represent  a  limit.  The  klystron  amplifies  its  1-kW  drive 
signal  across  its  entire  instantaneous  bandwidth.  A  spurious  competing  mode  at  about  2.9  GHz  is 
also  present  in  all  cases.  Its  cause  and  subsequent  suppression  is  to  be  the  subject  of  future 
research. 
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Figure  4-1.  Configuration  of  the  S-band  broad-bandwidth  relativistic  klystron. 


Figure  4-2.  S-band  relativistic  klystron  under  assembly. 
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Table  4-1.  Design  versus  measured  operational  parameters. 


Parameter 

Design 

Measured 

Beam  Voltage 

625  kV 

620±20kV 

Collector  Current 

1.0  kA 

1.5  ±  .5  kA 

Perveance 

2.0  )ipervs 

3.1  ±  .9  ^ipervs 

Peak  RF  Power 

250  MW 

140  MW  (@  2.9  GHz) 

Center  Frequency 

2.9  GHz 

~  2.85  GHz 

Instantaneous 

Bandwidth 

200  MHz 

>200  MHz 

Extraction 

Efficiency 

40% 

15.1  ±  5.5% 

At  any  given  frequency  the  klystron  output  is  quite  stable  and  reproducible.  Figure  4-3  is 
an  overlay  of  five  shots  at  2.95  GHz,  and  126  MW  peak  power.  The  foreshortened  pulse 
(FWHM  =  20  ns)  is  probably  due  to  the  lack  of  a  voltage  flat  top  in  the  60-ns  CLIA  drive  pulse, 
which  is  poorly  matched  to  the  klystron  impedance. 

After  the  above  development  of  the  RKA  microwave  source,  DNA  provided  funding  to 
connect  the  source  to  the  anechoic  chamber  of  the  DNA/SDI HPM  Testing  Facility.  Microwave 
waveguide  plumbing  was  installed  to  connect  the  output  waveguide  of  the  RKA  to  an  evacuated 
S-band  antenna  inside  the  anechoic  chamber.  The  pattern  was  mapped  and  showed  a  standard 
TEIO  radiation  pattern. 

After  operation  of  the  source  in  the  facility,  tests  were  initiated  using  the  RKA.  The  object 
irradiated  was  the  Pershing  Missile  GIEU  system.  The  results  of  this  test  have  been  reported 
separately  by  Jaycor. 


Figure  4-3.  Five  shot  overlay  at  -  Ipps.  (Frequency  =  2.95  GHz, 
Peak  Power  =  126  MV,  FWHM  =  20  ns.) 
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Abstract 

CLIA  (Compact  Linear  Induction  Accelerator)  is  a  750-kV,  10-kA, 
60-ns,  100-Hz  driver  in  use  at  Physics  International  Company.  The 
design  and  operational  characteristics  of  the  accelerator  will  be 
described  in  this  paper. 

The  CLIA  system  consists  of  a  ten-cell  accelerator  with  a  cathode  stalk 
to  sum  the  voltage  up  to  a  single  diode  load,  ten  magnetically  switched 
water  insulated  PFLs,  a  single  two-stage  magnedc  compression  unit 
(MCU)  to  charge  the  PFLs,  and  thyratron  switched  intermediate 
energy  store  (lES)  and  command  resonant  charge  (CRQ  units  to  drive 
the  MCU. 

A  linear  induction  accelerator  system  permits  all  pulse  compression  to 
be  done  at  moderate  voltage  (40  to  130  kV)  and  then  uses  the 
accelerator  structure  to  add  parallel  voltage  pulses  into  a  single  high 
voltage  output  (730  kV).  This  technique  allows  the  switching  to  be 
done  at  moderate  voltage  and  also  makes  the  use  of  hydrogen 
thyratrons  and  magnetic  switches  possible. 
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Figure  1.  Block  diagram  of  OJA  system. 

Figure  1  is  a  block  diagram  of  the  power  chain  of  dJA.  The  energy 
compression  chain  begins  with  a  300-kW,  30-kV  dc-power  supply. 
This  power  supply  charges  a  filter  bank  to  40  kV.  Energy  is  extracted 
from  this  bank,  switched,  and  compressed  in  time  by  thyratron 
switched  CRC  and  lES  circuits.  The  output  of  these  units  charges  the 
MCTU  .  The  two-stage  MCU  further  compresses  the  energy  and  raises 
the  voltage  using  magnetic  switching  and  a  2:1  transformer.  The 
output  of  the  MCU  charges  ten-parallel  water  dielectric  PFLs.  These 
PFLs  then  discharge  through  magnetic  switches  into  the  accelerator, 
where  the  voltages  are  summed  to  produce  the  73(>-kV  output  This 
750-kV,  10-kA  pulse  is  used  to  drive  the  vacuum  load. 

The  full  system  has  been  tested  to  average  power  levels  exceeding  its 
design  specifications.  Repetition  rates  of  250  Hz  at  over  600  kV 
matched  load  voltage  have  been  achieved 

The  system  from  the  PFLs  back  toward  the  power  supply  has  been 
designed  with  65%  more  energy  than  believed  necessary  to  charge  the 
PFLs.  This  increase  in  energy  was  done  to  allow  for  a  subsequent 
increase  in  pulse  length  to  100  ns  if  the  modelling  was  correct  or  to 
overcome  losses  in  excess  of  what  was  modelled  if  the  modelling  was 
incorreo. 
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Figure  2  is  a  schematic  of  the  power  supply/IES/CRC  circuit.  The 
first  capacitor  is  the  filter  bank.  It  is  switched  through  an  EEV  1836 
hydrogen  thyratron  into  the  lES  capacitor.  The  250  foot  length  of 
cable  is  necessary  because  the  two  sections  of  this  circuit  will  be 
physically  located  250  feet  apart.  The  CRC  circuit  rings  the 
lES  capacitor  up  to  75  kV  in  about  100  jjis.  This  capacitor  is  then 
switched  by  an  EEV  1936  mbc  into  the  MCU.  The  magnetic  switch 
shown  in  the  schematic  acts  as  a  diode  to  prevent  reverse  current 
throu^  the  thyratron.  This  circuit  was  originally  tested  with  a 
resistive  load  on  the  output  for  a  200-Hz,  5-second  run  at  75-kV 
output  voltage  and  has  been  used  at  250  Hz  into  the  MCU.  This 
circuit  can  deliver  more  than  1.2  kJ  per  pulse  for  an  average  power  of 
over  240  kW.  Representative  waveforms  are  shown  in  Figure  3. 
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Figure  3.  lES  capacitor  voltage  and  charging  current  waveforms 
at  38  kV  filter  bank  charge. 


Mazncnc  CnmDrt''inn  IJnii 


r 


Tan  PFL'i^jtpwt  twiKhci 


1 


Figure  4.  Schematic  of  the  MCU  and  PFLs. 


Figure  4  is  a  schematic  of  the  next  pan  of  the  system,  the  MCU  and 
PI^.  The  energy  ftom  the  lES  comes  in  on  the  left,  charging  the 
first  capacitor  to  75  kV  in  about  4  |I3.  This  capacitor  is  discharged  by 
a  rwo-tum  magnetic  switch  into  a  2: 1  inverting  transformer.  The 
output  of  this  transformer  charges  a  90  nF  water  capacitor  to  150  kV. 
This  capacitor  discharges  through  another  two-turn  magnetic  switch 
into  the  ten  parallel  PFLs.  This  entire  assembly,  except  for  the  PFLs, 
fits  in  two  tubes  each  approximately  50  cm  in  diameter  and  1.5  meters 
long. 


Figure  2.  Schematic  of  lES/CRC  cimuit. 


The  PFLs  are  of  a  6.8  ohm  water-insulated  coaxial  design.  The  PFLs 
are  charged  to  150  kV  each  to  form  the  75-kV,  60-ns  output  pulse. 
Each  has  its  own  magnenc  switch  on  the  output.  The  ou^ut  of  the 
switch  feeds  directly  into  the  accelerator. 

The  magnetic  switches  and  transformer  core  are  made  of  Allied 
Metgl^  2605CX)  tape.  The  thickness  of  tape  used  varies  from  1  mil  in 
the  tot-stage  switch  to  0.6  mil  in  the  PH-  output  switch.  A  model 
has  been  developed  to  predict  the  performance  of  these  cores  which 
includes  the  effects  of  changes  in  shape  of  the  BH  loop  with  different 
rates  of  magnetization  as  are  found  in  a  pulse  compression  chain. 


Waveforms  achieved  in  operation  of  this  MCU  are  shown  in  Figure  5. 


200  ns/div 


Water  Capacitor 
Voltage, 

28.5  kV/div 

PFL  Voltage. 
Uncalibrated 


Figure  5.  MCU  waveforms  at  30  kV  fitter  charge. 


Accelerator 


diode  was  placed  on  the  output  end  to  allow  repetitive  operation. 
Various  voltages  and  repetition  rates  were  tested.  There  were 
two  limits  to  the  average  power  achievable.  First,  the  dc  power 
supply  used  limited  the  input  power  available  to  the  CRC.  Secondly, 
we  experienced  some  breakdowns  late  in  time  in  the  water  capacitor  in 
the  MCU.  These  breakdowns  limited  the  output  voltage  to  650  kV 


PFL  voltage  28  kV/div 
Output  voltage  1 67  kV/div 
50  ns/div 


Output  current  shunts  1  kA/div 
20  ns/div 


Figure  7.  Waveforms  during  resistive  load  testing. 

into  a  matched  load.  A  burst  of  100  shots  at  250  Hz  has  been  fired  at 
this  level,  yielding  85  kW  average  electrical  output  power.  Longer 
bursts  should  be  possible  but  have  not  yet  been  demonstrated. 
Figure  8  shows  the  current  waveform  at  the  output  from  CLIA  during 
a  50-shot,  100-Hz  run.  The  uniformity  shot-to-shot  is  very  good. 


Figure  6.  Cross  section  of  the  CLIA  accelerator  structure. 

Figure  6  is  a  section  through  the  accelerator,  showing  two  of  the  ten 
cells.  The  inner  diameter  of  the  core  is  8.5  inches.  The  width  of  the 
cores  is  2  inches.  The  cores  are  wound  from  0.6  mil  2605CO  Metglas 
with  3.5  micron  mylar  insulation.  The  outer  radius  of  the  core  is 
15.5  inches.  A  cathode  stalk  runs  up  the  center  of  the  acceleraror  and 
the  full  diode  voltage  appears  across  the  A-K  gap  at  the  load  end.  The 
actual  effective  length  of  each  cell  is  10  cm,  giving  an  accelerator 
gradient  of  0.75  MV/meter. 


Testing 

The  CLIA  system  was  tot  fired  into  a  resistive  load,  which  also 
functioned  as  a  load  voltage  monitor.  A  Rogowski  current  monitor 
was  placed  around  this  monitor  to  measure  the  load  current. 
Repetition  rate  was  limited  in  this  configuration  due  to  the  capability  of 
the  load  to  absorb  energy,  but  it  allowed  us  to  accurately  measure  lie 
load  voltage,  a  task  that  is  difficult  with  a  vacuum  load  in  pla^. 
Waveforms  obtained  in  this  stage  of  testing  are  given  in  Figure  7. 

After  the  system  was  characterized  into  a  resistive  load,  an  e-beam 
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Figure  8.  Output  current  of  CLIA  for  100  Hz, 
50  shot  run. 

A-3 


Reset 


The  magnetic  cores  of  the  system  are  reset  by  means  of  dc  current 
applied  through  high-voltage  inductors.  This  current  is  applied  at  two 
different  locations.  A  connection  immediately  after  the  second 
thyratron  switch  provides  current  to  reset  the  magnetic  assist  switch, 
the  first-stage  MCU  switch,  and  the  primary  of  the  transformer.' 
A  second  current  is  applied  at  the  point  between  the  water  capacitor 
and  the  second-stage  switch  to  reset  the  second^  of  the  transformer, 
the  second-stage  switch,  the  PFL  output  switches,  and  the  accelerator 
cores.  This  second  current  must  provide  current  to  eleven  different 
paths  to  ground  and  current  sharing  between  these  paths  has  been 
ensured  by  using  thinwall  stainless-steel  tubing  to  make  some  of  the 
components  in  these  paths  to  provide  resistance. 

During  testing,  various  reset  current  levels  were  used  at  various 
voltage  and  repetition  rates.  If  insufficient  current  was  used  to  reset 
the  accelerator  cores,  an  interesting  effect  was  observed.  The  output 
pulse  would  gently  degrade  pulse-by-pulsc  over  the  span  of  about 
50  pulses  until  it  disappeared;  that  is,  the  effect  of  insufficient  reset 
was  not  immediate  on  the  next  pulse  but  was  a  cumulative  effect  over 
many  pulses.  Our  higher  power  runs  used  reset  currents  of  500  A  dc 
at  the  second  location  and  about  50  A  dc  at  the  first 

Summary 

In  CLIA,  we  have  developed  a  reliable,  moderate  repetition  rate,  high 
average  power  generator  that  should  be  useful  to  perform  repetitive 
vacuum  load  research  in  the  future. 
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High  Peak  and  Average  Power  with  an  L-Band 
Relativistic  Magnetron  on  CLIA 

Steve  Ashby,  Richard  R.  Smith,  Norman  Aiello,  James  N.  Benford,  Senior  Member,  IEEE, 
Nicholas  Cooksey,  David  V.  Drury,  Bruce  D.  Harteneck,  Jerrold  S.  Levine, 

Peter  Sincemy,  Lance  Thompson,  and  Leland  Schlitt 


Abstract — CLIA  (Compact  Linear  Induction  Accelerator)  is  a 
750  kV,  10  kA  pulse-power  generator  using  magnetic  switching 
to  produce  60-ns-long  pulses  at  200  Hz  (90  kW  average  power) 
for  longer  than  1  s.  As  a  first  application,  we  used  CLIA  to 
drive  an  L-band  magnetron.  We  observed  that  the  magnetron 
was  capable  of  consistent  operation  at  repetition  rates  as  high 
as  250  Hz  with  no  breakdown  or  pulse-shortening  induced  by 
gas  buildup  or  electrode  erosion.  As  the  repetition  rate  exceeded 
100  Hz,  the  average  power  increased  even  as  the  peak  power 
decreased,  producing  1  GW  peak  power  and  4.4  kW  average 
power  at  100  Hz  and  600  MW  peak  and  63  kW  average  at 
250  Hz.  A  short  burst  at  a  1  kHz  repetition  rate  indicated  the 
possibility  of  25  kW  average  microwave  power  operation. 


I.  Introduction 

The  generation  of  microwaves  at  high  power  (>100  MW) 
has  progressed  largely  on  single-shot  devices.  Yet  many 
applications  will  require  repetitive  operation  at  substantial 
repetition  rates  [1],  implying  high  average  power.  Fig.  1  shows 
that  only  a  few  repetitive  high-power  experiments  have  been 
conducted.  In  most,  the  pulse  duration  was  <50  ns,  so  average 
powers  have  been  less  than  1  kW.  Conventional  microwave 
tubes  have  operated  at  high  average  power,  but  peak  power  has 
been  low.  A  notable  exception  is  the  klystron  developed  by  Lee 
et  al.  [2],  which  was  extrapolated  from  SLAC  (Stanford  Linear 
Accelerator  Center)  klystron  technology.  This  device  operated 
at  150  MW  peak  power,  1  jrs  duration,  and  150  Hz,  to  give 
an  average  power  of  22  kW.  Fig.  2  shows  the  domains  of 
the  two  technologies.  The  results  of  the  experiments  described 
here  are  displayed  in  Figs.  1  and  2. 

The  technical  challenge  of  achieving  both  high  peak  and 
high  average  power  is  that  repetitive  operation  may;  (i)  evolve 
material  from  surfaces  which  raise  the  pressure,  causing  break¬ 
down  in  the  high  electric  fields  (~100kV/cm)  of  successive 
pulses;  and  (ii)  prevent  emission  of  electron  beams  from  cold 
cathode  surfaces  by  evaporating  monolayers  (of  gas,  oil,  water, 
etc.)  and  firing  again  before  they  can  recondense.  (It  has  been 
suggested  that  monolayers  are  the  seat  of  plasma  formation 
from  cold  cathodes,  rather  than  plasma  formation  from  ex- 
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Fig.  1.  Summary  of  high-power  repetitive  microwave  source  capability. 
The  highlighted  points  are  results  from  the  present  experiment. 


ploded  metal  micro-projections.)  The  vacuum  poisoning  issue 
can  be  addressed  by  better  high-vacuum  techniques,  but  only 
by  actually  operating  at  high  peak  power  (>100  MW)  and 
high  repetition  rates  (>100  Hz)  can  the  practical  limitations 
be  found, 

A  particularly  attractive  pulsed-power  system  for  such  ex¬ 
periments  is  the  hard-core  (i.e.,  central  cathode  shank,  not 
e-beams)  linear-induction  accelerator  (LIA),  first  used  in  high- 
power  microwave  research  [3]  by  the  Tomsk  group.  They 
operated  an  5-band  relativistic  magnetron  at  300  MW,  60  ns, 
50  Hz,  for  an  average  power  of  0.5  kW.  The  system  is  com¬ 
pact.  which  is  an  advantage  for  most  applications.  The  basic 
reason  for  the  compactness  is  that  voltage  from  individual  sec¬ 
tions  is  added  in  vacuum  so  that  the  peak  voltage  appears  only 
on  the  load.  The  system  we  describe  here,  CLIA  (Cbmpact 
Linear  Induction  Accelerator),  is  an  LIA  using  magnetic  pulse 
compression  for  switching.  This  technology  has  an  inherent 
long  lifetime,  eliminating  the  erosion  problems  of  spark  gaps. 
The  first  microwave  source  tested  on  CLIA  was  an  L-band 
relativistic  magnetron.  Our  goal  was  to  produce  a  pulse  train 
of  100  shots  at  100  Hz,  each  with  peak  power  of  1  GW.  This 
far  extends  the  experience  of  1-10  Hz  sustained  operation 
[4],  [5],  50-Hz  continuous  operation  [3],  and  the  three  shot 
bursts  at  100-160  Hz  [6]  previously  reported,  producing  high 
peak  and  average  microwave  power  simultaneously.  We  are 
now  operating  relativistic  klystrons  on  CLIA.  In  this  paper  we 
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Fig.  2.  Peak  versus  average  power  domains  for  conventional  and  HPM 
sources.  The  highlighted  point  is  from  the  experiment  reported  here. 

describe  the  CLIA  pulse-power  system  and  report  the  results 
of  the  L-band  magnetron  experiment. 

II.  CLIA  System 

A.  Description 

The  CLIA  system  consists  of  a  ten-cell  accelerator  (shown 
in  Fig.  3)  with  a  cathode  stalk  to  sum  the  voltage  up  to  a  single 
diode  load,  ten  magnetically  switched  water-insulated  PFL’s.  a 
single  two-stage  magnetic  compression  unit  (MCU)  to  charge 
the  PFL’s,  and  thyratron-switched  intermediate  energy  store 
(lES)  and  command  resonant  charge  (CRC)  units  to  drive  the 
MCU. 

A  linear-induction  accelerator  system  permits  all  pulse 
compression  to  be  done  at  moderate  voltage  (40  to  150  kV), 
and  then  uses  the  accelerator  structure  to  add  parallel  voltage 
pulses  into  a  single  high-voltage  output  (750  kV).  This  tech¬ 
nique  allows  the  switching  to  be  done  at  moderate  voltage 
and  also  makes  the  use  of  hydrogen  thyratrons  and  magnetic 
switches  possible. 

Fig.  4  is  a  block  diagram  of  the  power  chain  of  CLIA. 
The  energy-compression  chain  begins  with  a  300  kW,  50  kV 
dc-power  supply.  This  power  supply  charges  a  filter  bank 
to  40  kV.  Energy  is  extracted  from  this  bank,  switched, 
and  compressed  in  time  by  thyratron-switched  CRC  and  lES 
circuits.  The  output  of  these  units  charges  the  MCU.  The 
two-stage  MCU  further  compresses  the  energy  and  raises  the 
voltage  using  magnetic  switching  and  a  2 : 1  transformer.  The 
output  of  the  MCU  charges  ten-parallel  water  dielectric  PFL’s. 
These  PFL’s  then  discharge  through  magnetic  switches  into 
the  accelerator,  where  the  voltages  are  summed  to  produce  the 
750  kV  output.  This  750  kV,  10  kA  pulse  is  used  to  drive  the 
vacuum  load. 


Fig.  3.  Photograph  of  the  CLIA  PFL’s  and  accelerator  sections. 


The  full  system  has  been  tested  to  average  power  levels  ex¬ 
ceeding  its  design  specifications.  Repetition  rates  of  250  kHz 
at  over  6(K)  kV  matched-load  voltage  have  been  achieved. 

The  system  from  the  PFL’s  back  toward  the  power  supply 
has  been  designed  with  65%  more  energy  than  believed 
necessary  to  charge  the  PFL’s.  This  increase  in  energy  was 
done  to  allow  for  a  subsequent  increase  in  pulse  length  to 
1(X)  ns  if  the  modeling  was  correct,  or  to  overcome  losses  in 
excess  of  what  was  modeled  if  the  modeling  was  incorrect. 

.  Fig.  5  is  a  schematic  of  the  power  supply/IES/CRC  circuit. 
The  first  capacitor  is  the  filter  bank.  It  is  switched  through 
an  EEV  1836  hydrogen  thyratron  into  the  lES  capacitor.  The 
250  ft  length  of  cable  is  necessary  because  the  two  sections 
of  this  circuit  are  physically  located  250  ft  apart.  The  CRC 
circuit  rings  the  lES  capacitor  up  to  75  kV  in  about  100  ps. 
This  capacitor  is  then  switched  by  an  EEV  1936  tube  into  the 
MCU.  The  magnetic  switch  shown  in  the  schematic  acts  as 
a  diode  to  prevent  reverse  current  through  the  thyratron.  This 
circuit  was  originally  tested  with  a  resistive  load  on  the  output 
for  a  200  Hz,  5  s  run  at  75  kV  output  voltage,  and  has  been 
used  at  250  Hz  into  the  MCU.  This  circuit  can  deliver  more 
than  1.2  kJ  per  pulse  for  an  average  power  of  over  240  kW. 
Representative  waveforms  are  shown  in  Fig.  6. 

Fig.  7  is  a  schematic  of  the  next  part  of  the  system,  the 
MCU  and  PFL’s.  The  energy  from  the  lES  comes  in  on  the 
left,  charging  the  first  capacitor  to  75  kV  in  about  4  ps.  This 
capacitor  is  discharged  by  a  two-turn  magnetic  switch  into 
a  2 ;  1  inverting  transformer.  The  output  of  this  transformer 
charges  a  90  nF  water  capacitor  to  150  kV.  This  capacitor 
discharges  through  another  two-turn  magnetic  switch  into  the 
ten  parallel  PFL’s.  This  entire  assembly,  except  for  the  PFL’s, 
fits  in  two  tubes  each  approximately  50  cm  in  diameter  and 
1.5  m  long. 

The  PFL’s  are  of  a  6.8  water-insulated  coaxial  design. 
The  PFL’s  are  charged  to  150  kV  each  to  form  the  75  kV, 
60  ns  output  pulse.  Each  has  its  own  magnetic  switch  on 
the  output.  The  output  of  the  switch  feeds  directly  into  the 
accelerator. 
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Fig.  4.  Block  diagram  of  the  CLIA  system. 
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Fig.  5.  Schematic  of  the  lES/CRC  circuit. 
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Fig.  6.  lES  capacitor  voltage  (upper  trace,  right-hand  scale)  and  charging 
current  (lower  trace,  left-hand  scale)  waveforms  at  38  kV  filter  bank  charge. 
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Fig.  8.  MCU  waveforms  at  30  kV  filter  charge. 


Fig.  7.  Schematic  of  the  MCU  and  PFL  s 


The  magnetic  switches  and  transformer  core  are  made  of 
Allied  Metglas  2605CO  tape.  The  thickness  of  tape  used 
varies  from  1  mil  in  the  first-stage  switch  to  0.6  mil  in  the 
PFL  output  switch.  A  model  has  been  developed  to  predict 
the  performance  of  these  cores,  which  includes  the  effects 
of  changes  in  shape  of  the  BH  loop  with  different  rates  of 
magnetization  as  are  found  in  a  pulse-compression  chain. 
Waveforms  achieved  in  operation  of  this  MCU  are  shown  in 
Fig.  8. 

Fig.  9  is  a  section  through  the  accelerator,  showing  two  of 
the  ten  cells.  The  inner  diameter  of  the  core  is  8.5  in.  The  width 
of  the  cores  is  2  in.  The  cores  are  wound  from  0.6  mil  2605CO 
Metglas  with  3.5  /xm  Mylar  insulation.  The  outer  radius  of 

B 


Fig  9.  Cross  section  of  the  CLIA  accelerator  structure. 

the  core  is  15.5  in.  A  cathode  stalk  runs  up  the  center  of  the 
accelerator  and  the  full  diode  voltage  appears  across  the  A-K 
gap  at  the  load  end.  The  actual  effective  length  of  each  cell  is 
10  cm,  giving  an  accelerator  gradient  of  0.75  MV/m. 

The  magnetic  cores  of  the  system  are  reset  by  means  of  dc 
current  applied  through  high-voltage  inductors.  This  current  is 
applied  at  two  different  locations.  A  connection  immediately 
after  the  second  thyratron  switch  provides  current  to  reset  the 
magnetic  assist  switch,  the  first-stage  MCU  switch,  and  the 
primary  of  the  transformer.  A  second  current  is  applied  at 
the  point  between  the  water  capacitor  and  the  second-stage 

•4 


ASHBY  et  al:  POWER  WITH  AN  L-BAND  REI^TIVISTIC  MAGNETRON  ON  CUA 


347 


PFL  voltage:  28  kV/div 

Output  voltage:  167  kV/divSO  ns/div 


Output  current  shunts:  1  kA/dIv  20ns/div 


Fig.  10.  Waveforms  during  resistive  load  testing. 

switch  to  reset  the  secondary  of  the  transformer,  the  second- 
stage  switch,  the  PFL  output  switches,  and  the  accelerator 
cores.  This  second  current  has  11  different  paths  to  ground; 
current  sharing  between  these  paths  has  been  ensured  by  using 
thinwall  stainless-steel  tubing  to  make  some  of  the  components 
in  these  paths,  thereby  providing  resistance. 

B.  System  Tests 

The  CLIA  system  was  first  fired  into  a  resistive  load,  which 
also  functioned  as  a  load-voltage  monitor.  A  Rogowski  current 
monitor  was  placed  around  this  monitor  to  measure  the  load 
current.  Repetition  rate  was  limited  in  this  configuration  due 
to  the  capability  of  the  load  to  absorb  energy,  but  it  allowed  us 
to  accurately  measure  the  load  voltage,  a  task  that  is  difficult 
with  a  vacuum  load  in  place.  Waveforms  obtained  in  this  stage 
of  testing  are  given  in  Fig.  10. 

After  the  system  was  characterized  into  a  resistive  load,  an 
e-beam  diode  was  placed  on  the  output  end  to  allow  repetitive 
operation.  Various  voltages  and  repetition  rates  were  tested. 
There  were  two  limits  to  the  average  power  achievable.  First, 
the  dc-power  supply  used  limited  the  input  power  available  to 
the  CRC.  Secondly,  we  experienced  some  breakdowns  late  in 
time  in  the  water  capacitor  in  the  MCU.  These  breakdowns 
limited  the  output  voltage  to  650  kV  into  a  matched  load. 
A  burst  of  100  shots  at  250  Hz  has  been  fired  at  this  level, 
yielding  85  kW  average  electrical  output  power.  Longer  bursts 
should  be  possible,  but  have  not  yet  been  demonstrated. 
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Fig.  10  shows  the  current  waveform  at  the  output  from  CLIA 
during  a  50  shot,  100  Hz  run.  The  shot-to-shot  uniformity  is 
very  good. 

During  testing,  various  reset  current  levels  were  used  at 
various  voltage  and  repetition  rates.  If  insufficient  current  was 
used  to  reset  the  accelerator  cores,  an  interesting  effect  was 
observed.  The  output  pulse  would  gently  degrade  pulse-by¬ 
pulse  over  the  span  of  about  50  pulses  until  it  disappeared; 
that  is,  the  effect  of  insufficient  reset  was  not  immediate  on 
the  next  pulse,  but  was  a  cumulative  effect  over  many  pulses. 
Our  higher  power  runs  used  reset  currents  of  500  A  dc  at  the 
second  location,  and  about  50  A  dc  at  the  first. 

III.  REPETmvE  Magnetron 

A.  Description 

We  modified  an  existing  L-band  magnetron  [7]  for  repetitive 
operation  for  this  experiment.  It  has  six  cavities,  with  cathode, 
anode,  and  vane  radii  of  1.27,  3.18,  and  8.26  cm,  respectively, 
and  oscillated  in  the  rr-mode  at  1.1  GHz.  This  magnetron  had 
produced  3.6  GW  when  connected  to  Marx  bankAvater-line 
drivers.  Our  expectations  were  for  significantly  less  power, 
because  the  magnetron,  at  ~25  fi,  is  a  poor  electrical  match 
to  CLIA,  at  75  0. 

The  modifications  for  repetitive  operation  consisted  of  cool¬ 
ing  the  anode  vanes  (via  water  channels  3  mm  below  the 
surface)  and  the  downstream  surface  where  the  axial  current 
emitted  from  the  cathode  tip  is  collected.  Additionally,  we  paid 
particular  attention  to  creating  good  electrical  contact  between 
parts  and  avoiding  virtual  leaks.  We  also  used  a  cryo-pump 
for  our  vacuum  system  to  eliminate  possible  contamination 
from  backstreaming  oil.  Base  pressure  was  4  x  10“®  torr. 
Previous  single-shot  experiments  have  shown  that  peak  power 
is  increased  by  lowering  base  pressure  [8]. 

As  shown  in  Fig.  11,  the  microwaves  were  extracted  from 
two  opposing  resonators  which  were  connected  to  the  WR650 
waveguide  through  quarter-wave  transformers  and  absorbed 
by  dummy  loads,  all  in  vacuum.  Power  samplers  (w80  dB 
coupling)  allowed  for  power,  pulse  shape,  and  frequency 
diagnostics.  The  signal  was  viewed  two  ways:  by  the  response 
of  a  crystal  detector  recorded  on  each  pulse,  and  directly  on  a 
high-speed  oscilloscope  on  one  pulse  (not  necessarily  the  first) 
within  the  burst.  The  only  electrical  diagnostic  used  was  a 
Rbgowski  coil  measuring  the  total  current  into  the  magnetron. 
The  voltage  was  determined  from  the  current,  the  CLIA  charge 
voltage,  and  a  measured  load  line. 

B.  Experimental  Results 

At  a  repetition  rate  of  100  Hz,  we  produced  pulse  trains  of 
1.0  GW,  50  ns  FWHM  pulses  with  44  J  each  yielding  4.4  kW 
average  power.  Fig.  12(a)  shows  the  current  and  microwave 
pulse  trains  (each  spike  is  a  separate  pulse,  the  data  acquisition 
system  does  not  record  during  the  time  between  pulses)  for  a 
50  shot  burst;  Fig.  12(b)  is  an  expanded  view  of  one  pulse  in 
the  middle  of  the  burst.  The  recorded  microwave  signal  is  the 
crystal  output  on  one  of  two  extraction  arms.  This  produces 
the  nonlinear  scale  for  power.  To  determine  the  total  extracted 
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power  we  have  doubled  the  power  measured  on  one  arm,  since 
we  know,  from  other  measurements,  that  the  two  extraction 
arms  have  nearly  identical  powers. 

As  can  be  seen  from  Fig.  12,  all  the  pulses  are  nearly  iden¬ 
tical.  The  microwave  pulses  last  as  long  as  the  current  pulse; 
i.e.,  there  is  no  indication  of  impedance  collapse  or  shifting  of 
the  operating  point  off  resonance  (effects  conjectured  to  limit 
the  pulse  length  in  other  relativistic  magnetron  experiments).  A 
significant  feature  of  magnetron  operation  on  CLIA  is  that  the 
pulse  duration  of  the  microwaves  (50  ns)  is  only  slightly  less 
than  that  of  the  electrical  pulse  (60  ns).  In  many  previous  rel¬ 
ativistic  magnetron  experiments,  the  ratio  is  typically  1/3  (9) 

The  first  few  pulses  are  slightly  more  powerful,  because 
there  is  slightly  more  current.  This  is  due  to  the  time  it  takes 
to  establish  a  steady  state  within  the  CLIA  power-conditioning 
system.  This  effect  becomes  more  obvious  as  the  repetition 
rate  is  increased,  causing  a  decrease  in  the  peak  power,  even 
though  the  average  power  is  still  increasing.  As  shown  in 
Fig.  13,  at  200  Hz  the  typical  peak  power  dropped  to  700  kW. 
while  the  average  power  rose  to  6.0  kW.  At  250  Hz,  the  trend 
continued  to  yield  600  MW  peak  power  and  6.3  kW  average 
power.  We  tested  the  system  with  a  5  shot  burst  at  KXX)  Hz 
(far  beyond  the  average  current  specification  for  CLIA)  to  see 
if  there  was  a  minimum  recovery  lime  between  pulses.  As 
Fig.  14  illustrates,  the  magnetron  operates  at  KKX)  Hz,  even 
though  CLIA  is  capable  of  only  a  few  pulses.  Therefore  the 
evolved  gas  clearing  time  is  <1  ms.  Based  on  the  third  pulse, 
we  estimate  that  the  average  power  would  be  s:25  kW',  with 
a  peak  power  of  600  MW.  These  results  are  summarized  in 
Table  1. 


IV.  Discussion 

The  results  reported  above  extend  the  envelope  of  high 
average  and  high  peak  fjowers  for  microwave  sources,  as 
shown  in  Fig.  2.  What  may  be  most  notable  about  these  results 
are  the  things  that  didn’t  limit  operation: 

*  There  is  no  problem  of  gas  buildup  in  the  magnetron 
that  could  produce  impedance  collapse  or  in  other  ways 
interfere  with  the  magnetron  resonance. 
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Fig  12.  Current  and  microwave  power  for:  (a)  a  50-shot  burst  at  100  Hz, 
and  (b)  an  expanded  view  of  one  pulse  within  the  burst. 
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•  At  this  writing,  there  is  no  noticeable  erosion  of  the  anode 
vanes,  even  after  several  hundred  shots  on  single-pulse 
generators  and  several  thousand  shots  on  CLIA,  where 
the  anode  is  water  cooled.  This  is  very  different  from  our 
S-  and  X-band  magnetrons. 

•  There  is  no  diminution  of  cold  cathode  emission  after 
1000  shots. 

CLIA  can  be  upgraded  to  extend  the  pulse  length  beyond  the 
present  capability.  Since  the  microwave  pulse  lasts  as  long  as 
the  current  pulse,  there  is  clearly  no  impedance  collapse,  and 
furthermore,  there  must  be  relative  insensitivity  to  the  applied 
voltage.  Thus  there  is  cause  for  optimism  that  this  magnetron 
would  generate  longer  microwave  pulses. 

In  the  magnetron,  beam  emission,  RF  generation,  and  beam 
collection  all  occur  in  the  same  space.  This  is  very  dif¬ 
ferent  from  the  linear  beam  devices  such  as  the  relativistic 
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Fig.  13.  Current  and  microwave  power  for  a  100-shot  burst  at  200  Hz. 


Fig.  14.  Current  and  microwave  power  for  a  5-shot  burst  at  1000  Hz. 


TABLE  I 

Summary  of  Magnetron  Peak  and  Average  Power 
AS  A  Function  of  REPErmoN  Rate 


Repetition 

Rate 

(Hz) 

Peak  Power 
(MW) 

Average  Power 
(kW) 

Number 
of  Shots 

100 

1000 

4.4 

50 

200 

700 

6.0 

100 

250 

600 

6.3 

100 

KXK)* 

600 

25 

5 

*Based  on  third  shot  of  5  shot  sequence. 
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klystron,  traveling  wave  tube,  backward-wave  oscillator,  and 
free-electron  maser.  The  problems  of  repetitive  operation  are 
much  more  difficult  in  the  magnetron  because  of  the  proximity 
of  the  three  functions.  Therefore  the  result  of  this  experiment, 
that  250  Hz,  100  shot  bursts  and  1000  Hz,  5  shot  bursts  can 
be  achieved  reproducibly,  indicates  that  much  higher  average 
powers  should  be  achievable  in  the  magnetron  and  other  high 
peak-power  devices  at  repetition  rates  in  excess  of  a  kilohertz. 
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Abstract— Gentntion  of  microwaves  at  hi^  fwwer  has  pro¬ 
gressed  largely  on  single  shot  devices.  Applications,  however, 
require  high  average  power,  implying  operation  at  substantial 
repetition  rates.  This  is  in  a  new  domain  for  microwave  devices. 
The  technical  challenge  is  to  achieve  very  high  electric  fields 
in  the  source  on  a  repetitive  basis  without  breakdown.  We 
describe  experiments  on  CUA,  a  Compact  Unear  Induction 
Accelerator,  capable  of  generating  750  kV  and  10  kA  into  a 
matched  load  using  magnetic  switching  to  produce  60  ns  long 
pulses.  As  a  first  application  we  used  CLIA  to  drive  a  water- 
cooled  L-band  magnetron  at  repetition  rates  u  high  as  250 
Hz  with  no  breakdown  or  pulse  shortening.  This  gave  63  kW 
average  power.  A  short  burst  at  1  kHz  demonstrated  operation 
that  would  translate  to  an  average  power  of  s;25  kW.  In  this 
regime  operation  is  not  limited  by  gas  build-up,  electrode  erosion 
or  microwhisker  depletion.  We  are  now  operating  on  CLJA  with  a 
high  current  relativistic  klystron.  Beams  with  modulated  current 
powers  of  al  GW  have  been  generated  at  100  Hz  for  bursts  as 
long  as  5000  pulses.  There  are  no  apparent  obstacles  to  much 
higher  average  powers  at  higher  peak  powers. 

I.  Introduction 

The  generation  of  microwaves  at  high  power  (>  100  MW) 
has  progressed  largely  on  single  shot  devices.  Yet  many 
applications  will  require  repetitive  operation  at  substantial 
repetition  rates  [1],  implying  high  average  power.  Only  a  few 
repetitive  high  power  experiments  have  been  conducted.  In 
most  the  pulse  duration  is  <  50  ns,  with  average  powers  less 
than  a  kilowatt.  Conventional  microwave  tubes  have  operated 
at  high  average  power,  but  peak  p<iwer  has  been  low  (<  100 
MW). 

The  technical  challenge  of  achieving  both  high  peak  and 
high  average  power  is  that  repetitive  operation  may  1)  evolve 
material  from  surfaces  which  raise  the  pressure,  causing  break¬ 
down  in  the  high  electric  fields  (s:  100  kV/cm)  of  successive 
pulses  and  2)  prevent  emission  of  electron  beams  from  cold 
cathode  surfaces  by  evaporating  monolayers  (of  gas,  oil, 
water,  etc.)  and  firing  again  before  they  can  recondense.  (It 
has  been  suggested  that  monolayers  are  the  seat  of  plasma 
formation  from  cold  cathodes,  rather  than  plasma  formation 
from  exploded  metal  micro  projections.)  The  pressure  buildup 
issue  may  be  addressed  by  better  high  vacuum  techniques, 
but  only  by  actually  operating  at  high  peak  power  (>  100 
MW)  and  high  repetition  rates  (>  100  Hz)  can  the  practical 
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limitations  be  found.  Our  focus  here  is  on  engineering  aspects 
of  repetitive  HPM  systems;  a  more  complete  discussion  of  the 
CLIA  pulser  [2]  and  the  experimental  results  [3],  [4]  can  be 
found  elsewhere. 


II.  Repetitive  Relativistic  Magnetron 

We  modified  our  L-band  magnetron  [5]  for  repetitive  opera¬ 
tion  for  this  experiment.  It  has  six  cavities,  with  cathode,  vane 
and  resonator  radii  of  1.27,  3.18,  and  8.26  cm,  respectively, 
and  oscillated  in  the  T-mode  at  1.1  GHz.  This  magnetron  had 
produced  3.6  GW  when  connected  to  Marx  bank/water  line 
drivers. 

The  modifications  for  repetitive  operation  consisted  of  cool¬ 
ing  the  anode  vanes  (via  0.64  cm  diameter  water  channels 
0.33  cm  from  the  surface)  and  the  downstream  surface  where 
the  axial  current  emitted  from  the  cathode  tip  is  collected. 
[The  maximum  power  density  on  the  vanes  due  to  the  electron 
beam  is  a:  20  MW/cm^;  for  a  burst  at  250  Hz,  the  average 
power  density  is  300  W/cm^.]  We  paid  particular  attention  to 
creating  good  electrical  contact  between  parts,  for  both  dc  and 
RF  fields,  by  designing  knife  edge  contacts  where  possible 
and  by  using  indium  at  flat  surface  contacts,  while  avoiding 
virtual  leaks.  We  also  used  a  cryopump  for  our  vacuum  system 
to  eliminate  possible  contamination  from  backstreaming  oil 
from  an  oil  diffusion  pump.  Base  pressure  was  4  x  10“®  torr. 
Previous  single  shot  experiments  have  shown  that  peak  power 
is  increased  by  lowering  base  pressure  [6]. 

Our  initial  repetitive  operation  with  the  relativistic  mag¬ 
netron  revealed  some  limitations  in  the  operation  of  the  device. 
Fig.  1(a)  shows  that  as  we  increased  the  peak  power  and 
repetition  rate  increasing  numbers  of  the  shots  “dropped  out, 
i.e.,  peak  power  decreased  for  some  of  the  pulses  in  a  burst. 
The  phenomena  seemed  random  in  time,  i.e.,  the  peak  power 
did  not  decrease  steadily  through  a  burst  of  1(X)  pulses.  A 
histogram  of  peak  power  [Fig.  1(b)]  shows  a  drop  in  the  mean 
of  the  peak  powers  as  repetition  rate  increases.  Comparing  runs 
at  differing  peak  powers  and  repetition  rates  shows  that  the  key 
parameter  is  the  average  electron  beam  power  in  the  burst. 
The  important  variable  is  not  merely  the  repetition  rate,  i.e., 
equivalent  conditions  seem  to  occur  at  roughly  equal  average 
powers.  It  is  important  to  note  that  these  limitations  were 
clearly  caused  by  the  interactions  within  the  magnetron;  the 
current  pulses  from  CLIA  showed  no  signs  of  dropouts. 

The  dropouts  consist  of  shorter  pulses  at  lower  peak  power. 
Even  the  best  pulses  are  short,  and  the  pulse  shape  is  more 
triangular  than  rectangular.  For  all  the  pulses  the  FWHM  pulse 
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Pig-  (8)  Microwave  pulse  train  and  (b)  histogram  of  peak  powers  for  100  shot  bursts  at  various  repetition  rates  with  the  relativistic  magnetron 

before  modification.  Power  levels  are  in  MW. 
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Fig.  2.  Microwave  pulse  train  on  the  magnetron  after  modification  for  (a)  a  50  shot  burst  at  100  Hz  and  (b)  a  100  shot  burst  at  200  Hz.  Power  levels  are  in  MW, 


duration  is  s;  30  ns,  compared  to  the  60  ns  FWHM  of  the 
electrical  pulse. 

Another  observation  is  that  the  interval  over  which  dropouts 
occur  is  50-100  ms.  Therefore,  dropouts  at  10  Hz  tend  to  be 
a  single  shot  but  at  100  Hz  are  typically  5  shots.  All  of  this  is 
consistent  with  a  plasma  formation  mechanism  which,  as  we 
will  see  below,  comes  from  surface  contaminants  and  which 
prevents  high  electric  fields  from  existing  in  the  resonator  for 
a  period  of  50-100  ms.  Consequently,  our  data  indicates  that 
the  surface  contaminants  are  probably  long  chain  molecules, 
which  could  be  from  the  fabrication  process,  and  are  not  simple 
absorbed  gases  such  as  nitrogen,  oxygen,  or  water  vapior. 

We  undertook  a  number  of  simultaneous  modifications 
of  the  equipment.  We  made  great  efforts  to  remove  gassy 
materials,  clean  all  surfaces  by  scrubbing  with  alcohol,  and 
relieve  all  trapped  volumes  to  eliminate  vinual  leaks.  To 
remove  the  worst  offenders,  we  substituted  ceramic  insulators 
for  the  original  plastic  insulators  in  CLIA  and  eliminated  the 
anodizing  on  the  surface  of  the  CLIA  stages  since  both  the 
plastic  insulators  and  anodizing  outgas  water  vapor.  We  also 
connected  a  second  vacuum  pump  and  introduced  bakeout 
of  the  components  and  limited  bakeout  of  the  assembled 
system.  These  modifications  produced  an  order-of-magnitude 
improvement  in  the  base  pressure,  from  the  10~^  to  10~®  toir 
range. 

After  this  general  cleanup  and  change  in  technique  we 
achieved  fundamentally  more  reliable  operation.  Steady  opi- 
eration  at  high  peak  power,  with  no  dropouts,  is  shown  in 
Fig.  2.  After  the  modifications  were  made,  the  FWHM  pulse 


duration  increased  to  K  50  ns  and  the  shapes  became  much 
more  rectangular. 

A  general  observation  is  that  base  pressure  was  not  the 
important  variable  in  achieving  high  average  power  provided 
it  was  less  than  10“^  toa.  (We  intentionally  spoiled  the 
vacuum  back  to  the  10~®  ton  range  and  observed  no  detri¬ 
mental  effects.)  Bakeout,  however,  is  useful  and  the  continued 
pulsing  of  a  system  gradually  improves  performance,  as  in 
the  conditioning  process  of  conventional  tubes.  Based  on  the 
observation  that  the  deterioration  of  operation  was  determined 
by  the  average  power,  we  now  feel  that  the  hierarchy  of  effects 
is  as  follows: 

1)  The  cause  of  the  dropouts  is  surface  contamination; 
adsorbed  materials  are  not  as  important.  For  exam¬ 
ple,  stainless  steel  and  titanium  anodes  gave  equivalent 
performance  even  though  titanium  absorbs  water  and 
gases  before  installation  much  more  strongly  than  does 
stainless. 

2)  Vinual  leaks,  while  they  can  produce  catastrophic  break¬ 
down  and  should  be  eliminated,  are  not  the  cause  of  the 
dropout  phenomena  shown  in  Fig.  1. 

3)  Finally,  elimination  of  the  ceramic  and  anodizing  was 
not  important  in  improving  performance. 

As  can  seen  from  Fig.  2,  the  pulses  in  the  burst  are  nearly 
identical,  with  ss  1  GW  peak  and  4.4  kW  average  powers  at 
100  Hz.  The  microwave  pulses  last  as  long  as  the  current  pulse, 
i.e.,  there  is  no  indication  of  impedance  collapse  or  shifting  of 
the  operating  point  off  resonance  (effects  conjectured  to  limit 
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the  pulse  length  in  other  relativistic  magnetron  experiments). 
A  significant  feature  of  magnetron  operation  on  CLIA  is  that 
the  pulse  duration  of  the  microwaves  (50  ns)  is  only  slightly 
less  than  that  of  the  electrical  pulse  (60  ns).  In  many  previous 
relativistic  magnetron  experiments,  the  ratio  is  typically  1/3 
[7]. 

The  first  few  pulses  are  slightly  more  powerful  because  there 
is  slightly  more  current.  This  is  due  to  the  time  it  takes  to 
establish  a  steady  state  within  the  CLIA  power  conditioning 
system.  This  effect  becomes  more  obvious  as  the  repetition 
rate  is  increased,  causing  a  decrease  in  the  peak  power  even 
though  the  average  power  is  still  increasing.  At  200  Hz  the 
typical  peak  power  dropped  to  700  MW  while  the  average 
power  rose  to  6.0  kW.  At  250  Hz,  the  trend  continued  to  yield 
600  MW  peak  power  and  6.3  kW  average  power.  We  tested  the 
system  with  a  5  shot  burst  at  1000  Hz  (far  beyond  the  average 
current  specification  for  CLIA)  to  see  if  there  was  a  minimum 
recovery  time  between  pulses.  The  magnetron  operates  at  1000 
Hz  even  though  CLIA  is  capable  of  only  a  few  pulses.  Based 
on  the  third  pulse,  we  estimate  the  average  power  would  be 
Si  25  kW,  with  a  peak  power  of  600  MW.  Therefore,  evolved 
gas  clearing  time  is  less  than  1  ms. 

III.  Repetitive  Relativistic  Klystron  Ampliher 

Another  microwave  source,  capable  of  producing  GW  power 
levels  in  the  GHz  range,  that  has  seen  substantial  single-shot 
development  but  little  repetitive  development,  is  the  high- 
current  relativistic  klystron  amplifier  [8].  In  our  experiment, 
a  5  kA,  500  kV  annular  electron  beam,  1.8  cm  mean  radius  by 
0.2  cm  thick,  is  emitted  by  a  graphite  cathode  from  a  foilless 
diode  energized  by  CLIA.  The  beam  propagates  through  a  two 
cavity  RKA  buncher,  supplied  by  M.  Friedman  and  V.  Serlin 
of  the  Naval  Research  Laboratory.  The  drift  tube  radius  is  2.38 
cm.  A  500  kW  L-band  magnetron  provides  the  input  signal  at 
1.32  GHz.  The  input  cavity  is  3 A/4  long.  Radial  wires,  which 
are  placed  at  a  null  at  the  input  frequency  and  therefore  have 
no  effect  on  it.  but  load  down  the  fundamental  mode,  were 
used  originally;  they  have  been  removed,  as  explained  below. 
An  axial  magnetic  guide  field,  6-10  kG,  is  required  for  beam 
transport.  The  current  modulation  on  the  beam  is  measured 
with  a  B-dot  probe  mounted  in  a  section  of  the  drift  tube. 

Since  repetitive  operation  requires  a  vacuum  system 
that  has  a  low  base  pressure  before  every  shot  in  a 
burst,  one  of  the  main  considerations  in  the  design 
of  the  RKA  is  simply  good  vacuum  technique.  Copper 
gaskets  are  used  wherever  practical;  where  the  flexibility 
provided  by  0-rings  is  required,  viton  O-rings  are  used 
to  allow  moderate  bake -out  (S;  120  C).  Trapped  spaces 
are  eliminated  by  pump-out  holes.  Good  electrical  contact 
between  pieces  is  also  required  to  prevent  arcing.  As  a 
result,  we  are  able  to  obtain  a  base  pressure  of  1.0  x  10“® 
torr. 

The  electron  beam  collector  used  in  the  single-shot  RKA 
is  a  fiat  graphite  disk  in  the  drift  tube  just  downstream  of  the 
output  cavity  [8].  For  repetitive  operation,  we  instead  collect 
the  beam  on  the  inner  surface  of  a  15  cm  diameter  stainless 
steel  tube,  which  can  be  cooled  with  liquid  nitrogen.  To  make 
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the  transition  firom  the  drift  tube  to  the  collector,  a  taper  was 
designed  that  took  account  of  the  magnetic  field  profile  and  the 
electron  beam  parameters.  The  taper  angle  was  chosen  to  be 
large  enough  to  allow  the  beam  to  expand  along  the  magnetic 
field  lines  without  hitting  the  walls,  but  not  so  large  that  the 
beam  exceeds  the  local  space-charge  limited  flow  condition 
(by  having  a  radius  less  than  the  critical  radius),  creating  a 
virtual  cathode.  (The  critical  radius  is  proportional  to  the  drift 
tube  radius,  with  the  constant  of  proportionality  determined  by 
the  beam  energy  and  current  (500  keV  and  5  kA).) 

Another  element  of  the  single-shot  design  that  has  proven 
to  be  unsuitable  for  repetitive  operation  is  the  use  of  radial 
wires  in  the  input  cavity  for  mode  selection  [8].  During  the 
rising  and  falling  edges  of  the  current  pulse,  these  wires 
carry  the  beam  return  current  due  to  the  20  nH  induc¬ 
tance  of  the  remainder  of  the  cavity  (10  kV  would  be  gen¬ 
erated  at  the  location  of  the  wires  at  the  dl/dt  of  5  x 
10^^  A/s  typical  of  our  experiment).  The  resultant  heat¬ 
ing  causes  outgassing,  embrittlement,  and  eventual  failure 
of  the  wires.  The  broken  wires  can  then  become  a  source 
of  arcing  and  breakdown.  The  net  result  is  that  the  in¬ 
put  microwave  signal,  as  measured  in  the  first  cavity,  gets 
progressively  shorter  during  a  burst.  We  have  been  able 
to  remove  the  wires  without  noticeable  degradation  to  the 
bunched  beam. 

Fig.  3(a)  shows  the  modulated  current  on  selected  shots 
in  a  100  Hz,  100  shot  burst  at  4.5  kA  total  current.  After 
some  transient  behavior  in  the  first  «  20  shots,  the  output 
becomes  quite  reproducible,  with  3.0-3.5  kA  modulation.  We 
have  successfully  increased  the  number  of  shots  by  a  factor  of 
ten  (to  1000)  and  the  shot  rate  by  a  factor  of  two  (to  200  Hz), 
simultaneously,  with  highly  reproducible  results  [Fig.  3(b)]. 
The  modulated  current  was  2.0-2.5  kA,  out  of  3.5  kA  total 
current.  The  decrease  in  the  modulated  current,  as  compared 
with  100  Hz  operation,  is  due  to  the  decrease  in  the  cathode 
voltage,  and  thus  the  total  current,  at  the  higher  repetition  rate 
(since  we  chose  not  to  increase  the  CLIA  charge  voltage  for 
this  test)  and  to  a  decrease  in  the  efficiency  of  modulation 
because  the  position  of  the  gaps  was  not  optimized  for  these 
beam  parameters.  The  data  do,  however,  clearly  demonstrate 
that  there  are  no  inherent  limitations  (at  the  beam  modulation 
stage,  at  least)  to  long  bursts  of  high  repetition  rate  pulses 
with  the  RKA. 

IV.  DISCXISSION 

These  results  extend  the  envelope  of  high  average  and  high 
peak  powers  for  microwave  sources.  In  addition  to  the  points 
discussed  above,  what  may  be  most  notable  about  these  results 
are  the  things  that  do  not  limit  repetitive  operation; 

•  There  is  no  problem  of  gas  build-up  in  the  magnetron 
and  klystron  that  could  produce  impedance  collapse  or 
interfere  in  other  ways,  though  a  vacuum  system  with 
a  base  pressure  in  the  low  10~®  torr  range  seems  to  be 
required  for  consistent  repetitive  operation  in  the  klystron. 

•  There  is  no  diminution  of  cold  cathode  emission  after 
5000  shots,  consistent  with  the  result  of  Buttram  [9]  that 
at  least  100  000  shots  are  required  to  show  diminished 
emission. 
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(a)  (b) 

Fig.  3.  Amplitude  of  the  modulated  current  for  selected  shots  in  (a)  a  100  shot  burst  taken  at  100  Hz  and  (b)  a  1000  shot  burst  at  200  Hz.  The  total 

currents  were  4.5  kA  and  3.5  kA,  respectively. 


The  results  of  these  experiments  allow  some  general  state¬ 
ments  about  the  scaling  of  HPM  sources  to  high  average 
power.  In  the  L-band  magnetron  experiments  the  average 
power  loading  is  1  W/cm^  at  1  Hz.  Note  that  this  is 
the  electrical  power  deposited  in  the  surface  of  the  anode. 
The  thermal  limitation  of  conventional  microwave  sources  is 
s;  2  kW/cm^.  Therefore,  thermal  limitations  should  occur  at 
about  2  kHz  in  the  L-band  magnetron.  Since  the  efficiency 
of  relativistic  magnetrons  is  roughly  10%,  and  the  resonator 
area  is  about  400  cm^,  the  average  RF  power  is  limited  to 
~  80  kW,  At  higher  frequencies  the  power  limit  will  be 
lower:  since  resonator  length  and  circumference  scale  with 
the  wavelength,  surface  area,  and  therefore  the  power,  will 
scale  as  Consequently,  scaling  from  the  1.1  GHz  L-band 
magnetron  to  a  2.8  GHz  5-band  magnetron  will  reduce  the 
power  limit  to  ~  10  kW.  For  relativistic  magnetron  systems 
to  achieve  higher  average  powers  a  number  of  sources  could 
be  phase  locked  together  [10]. 

On  the  other  hand,  relativistic  klystrons  do  not  suffer 
from  this  limitation  because  the  beam  propagates  through 
the  bunching  structure  and  is  deposited  in  the  collector.  The 
collector  can  be  made  arbitrarily  large,  therefore  reducing  the 
average  power  input  to  the  collector  walls.  An  example  of 
this  is  a  1  MW  average  power  L-band  klystron  commercially 
available  from  Thomson-CSF  [llj. 

CLIA  can  be  upgraded  to  extend  the  pulse  length  beyond 
the  present  capability.  Since  the  microwave  pulse  lasts  as  long 
as  the  current  pulse,  there  is  clearly  no  impedance  collapse  and 
furthermore  there  must  be  relative  insensitivity  to  the  applied 
voltage.  Thus,  there  is  cause  for  optimism  that  these  sources 
would  generate  longer  microwave  pulses. 

One  result  of  this  experiment,  that  250  Hz.  10(1  shot  bursts 
and  1000  Hz,  5  shot  bursts  can  be  achieved  reproducibly.  indi¬ 
cates  that  much  higher  average  powers  should  be  achievable  in 
the  magnetron  and  other  high  peak  jxiwer  devices  at  repetition 
rates  in  excess  of  a  kilohertz. 
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We  have  achieved  phase-locked  operation  of  a  module  consisting  of  up  to  seven  relativistic 
magnetrons.  The  magnetrons  are  connected  by  waveguide  in  a  peer/peer  configuration, 
with  no  one  magnetron  acting  as  a  master  oscillator.  The  signals  used  for  coupling  are  each  a 
substantial  fraction  of  a  magnetron’s  radiated  power.  Total  extracted  power,  at  2.8  GHz, 
was  2.0  GW  with  four  magnetrons  and  2.9  GW  with  seven.  Several  interconnection  geometries 
were  explored.  One  particular  geometry  was  found  to  produce  qualitatively  better  phase- 
locked  operation  than  any  other.  This  was  in  agreement  with  the  predictions  of  a  numerical 
model  of  the  magnetrons  as  coupled  van  der  Pol  oscillators. 


I.  INTRODUCTION 

There  is  continuing  interest  in  steerable  antenna  arrays 
producing  >100  GW  of  power  in  the  GHz  frequency 
range.'  There  are  two  ways  to  efficiently  energize  such  an 
array:  build  sources  of  ever  increasing  power,  or  combine 
the  outputs  of  multiple  phase-coherent  sources.  The  first 
approach  is  limited  by  electric  field  breakdown  within  mi¬ 
crowave  cavities  and  mode  competition  that  occurs  in 
large,  overmoded  cavities.  We  have  therefore  pursued  the 
second  approach. 

In  order  to  combine  the  outputs  of  multiple  high- 
power  microwave  sources  in  a  steerable  antenna  array,  the 
sources  must  be  at  the  same  frequency  with  a  known  phase 
difference  between  them.  Only  then  is  it  possible  to  pro¬ 
duce  a  controllable  beam  using  constructive  interference  in 
the  far  field  of  the  antenna.  It  is  important  to  note  that  the 
absolute  phase  differences  at  the  sources  are  not  particu¬ 
larly  important,  since  they  can  be  corrected  for  in  the 
transmission  system  between  the  sources  and  the  antenna. 
The  critical  criteria  are  that  the  relative  phases  must  be 
constant  during  each  pulse  and  reproducible  pulse-to-pulse. 

It  is  this  requirement  of  reproducibility  that  distinguishes 
frequency  locking,  observable  on  a  single  pulse,  from  phase 
locking. 

The  interactions  between  sources  that  produce  phase 
locking  can  be  distinguished  as  master/slave  or  peer/peer 
and  as  weak  or  strong  coupling.  The  first  distinction  re¬ 
flects  whether  one  source  operates  independently  of  the 
others,  controlling  their  phases,  or  whether  all  the  sources 
adjust  to  each  other.  The  second  distinction  reflects  the 
ratio  of  the  signal  injected  into  a  source  for  phase  locking 
to  the  signal  naturally  occurring  in  that  source.  For  weak 
coupling  this  ratio  is  much  less  than  unity;  for  strong  cou¬ 
pling  it  is  of  order  unity.  (It  is  possible  to  overdrive  an 
oscillator,  with  the  ratio  exceeding  unity,  but  that  is  inef¬ 
ficient  and  may  lead  to  stability  problems).^ 

While  it  is  clearly  desirable  to  op)erate  in  the  weak 
coupling  regime,  i.e.,  to  control  a  powerful  signal  with  a 
weak  one,  there  is  a  major  drawback  within  the  realm  of 
ultrahigh-power  relativistic  microwave  oscillators:  locking 
time.  Since  the  locking  time  scales  inversely  with  the  cou- 
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pling^  and  these  sources  have  typical  pulse  lengths  of  only 
50  ns,  strong  coupling  is  desired. 

There  have  been  several  recent  experiments  investigat¬ 
ing  phase  locking  of  magnetrons  and  vircators  in  both 
master/slave  and  peer/peer  configurations.  A  series  of  ex¬ 
periments,  in  which  all  the  sources  are  energized  by  a  sin¬ 
gle  pulsed-power  generator,  have  demonstrated  phase  lock¬ 
ing  of:  two  relativistic  magnetrons  in  peer /peer 
configuration,^  a  vircator  by  a  magnetron  in  a  master/slave 
configuration,^  two  vircators  as  pjeers,*  and  two  vircators, 
either  disconnected  from  each  other  or  connected  as  j>eers, 
by  a  master  magnetron.’  In  all  the  peer /peer  expjeriments, 
a  waveguide  bridge  between  the  oscillators  provided  the 
coupling;  a  plunger  in  the  bridge  allowed  comparison  of 
connected  and  unconnected  ojjeration  on  a  shot-to-shot 
basis.  In  addition  to  phase  locking,  it  was  also  noted  that 
the  coupling  improved  the  simultaneity  of  oscillations,  an 
important  added  bonus.  In  the  master/slave  experiments, 
the  magnetron  was  the  master  oscillator  by  virtue  of  a  long 
waveguide  between  the  magnetron  and  the  vircators  and 
the  timing  of  the  oscillations  within  each  source.  The  mag¬ 
netron  oscillated  first,  at  lower  current,  and  its  signal  was 
delayed  until  the  vircators  were  ready  to  oscillate.  By  the 
time  the  vircator  signal  could  propagate  back  to  the  mag¬ 
netron,  it  was  no  longer  oscillating. 

Frequency  locking  has  also  been  demonstrated  in  an 
experiment  with  two  separate  pulsed-power  generators, 
connected  to  two  independent  cathodes,  creating  two  vir¬ 
cators  in  a  common  anode  cavity.®  The  flexibility  of  two 
drivers  allowed  the  relative  timing  of  the  two  vircators  to 
be  varied.  It  was  found  that  prefilling  of  the  cavity  by  one 
vircator  was  necessary  for  the  two  to  frequency  lock.  This 
is  a  clear  distinction  from  the  former  results  where  phase 
locking  was  observed  between  vircators  in  separate  cavities 
with  no  prefilling. 

To  expand  upon  this  work,  we  have  designed  and  built 
a  compact  module  of  relativistic  magnetrons,  in  both  “half 
module”  and  “full  module”  configurations.  Communica¬ 
tion  between  any  two  magnetrons  is  obtained  by  connect¬ 
ing  short  sections  (half  wavelength)  of  waveguide  between 
the  back  of  a  resonator  on  each,  coupled  through  an  iris. 
The  power  used  for  coupling  is  a  significant  fraction  of  the 
14 
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total  produced,  so  we  are  clearly  in  the  strong  coupling 
regime.  By  choosing  which  magnetrons  to  connect  to¬ 
gether,  we  can  investigate  several  different  interconnection 
geometries. 


II.  NUMERICAL  MODELING 


A.  Derivation  of  model  equations 

Woo  et  al?  have  modelled  the  interaction  of  two  mu¬ 
tually  coupled  magnetrons  by  a  coupled  van  der  Pol  equa¬ 
tion,'®  leading  to  the  same  equations  for  phase  and  ampli¬ 
tude  evolution  as  result  from  an  equivalent  circuit  analysis. 
For  the  present  work,  we  need  to  extend  the  model  to 
include  the  interactions  of  multiple  magnetrons.  We  do 
this  by  summing  over  coupling  terms  (using  the  notation 
of  Ref.  9) 
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where  (^„  cooi,  and  Q,  are  the  instantaneous  phase,  natural 
frequency,  and  quality  factor  of  the  /th  magnetron,  pjj  and 
Tpij  are  the  coupling  constant  and  phase  velocity  transit 
time  between  the  /th  and  yth  magnetrons.  The  coupling 
constant  is  the  ratio  of  the  injected  electric  field,  Eqj,  from 
magnetron  j,  to  the  existing  electric  field  in  magnetron  /, 
Eqp  i.e.. 
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where  the  Fs  are  the  incoming  and  outgoing  powers  of  the 
magnetrons  and  the  circumflex  represents  delay  due  to  the 
group  velocity  transit  time, 

Frequency  locking  is  achieved  when  the  phase  differ¬ 
ence  between  the  magnetrons  becomes  constant,  after  some 
transient,  when  Eq.  (1)  is  integrated  for  any  particular 
initial  phases.  Phase  locking  has  the  added  requirement 
that  the  constant  phase  differences  be  independent  of  the 
initial  phases.  In  the  two  magnetron  case,  the  phase  differ¬ 
ence  is'' 
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where  Wq  =  (“oi  +  <uo2)/2,  Awq  =  <^01  —  the 

phase  shift  across  the  coupler.  For  a  solution  to  Eq.  (3)  to 
exist,  the  absolute  value  of  the  argument  of  the  arc  sine 
must  be  <1,  showing  the  interrelationships  between  the 
fractional  frequency  mismatch,  Auq/wq,  the  quality  factor, 
the  coupling  strength,  and  the  connector  length: 
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which  can  be  seen  as  a  modified  Adler'  relation. 


(4) 


B.  Application  to  magnetron  module 

In  using  Eq.  ( 1 )  for  modeling  the  magnetron  module, 
we  first  of  all  must  determine  the  coupling  coefficients. 
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FIG.  1.  Interconnection  geometries.  Lines  are  connectors  between  reso¬ 
nators  on  magnetrons,  which  are  shown  as  circles.  Arrows  are  power 
extraction  ports  from  other  resonators. 


which  reflect  the  interconnection  scheme.  The  basic 
schemes  are  shown  schematically  in  Fig.  1.  The  magne¬ 
trons  used  in  the  experiment  are  of  the  basic  A6  design," 
with  six  resonators,  allowing  a  maximum  of  six  connec¬ 
tions  for  coupling  and/or  power  extraction,  referred  to  col¬ 
lectively  as  “open  resonators.”  A  waveguide  bridge  be¬ 
tween  the  magnetrons,  coupled  through  irises,  provides  the 
connection.  Therefore,  from  the  geometry,  we  deduce 

1]°-^  ... 
PiU)  ^ 

where  rij  is  the  number  of  open  resonators  on  magnetron  j. 

We  have  simplified  our  integration  of  Eq.  ( 1 )  in  two 
ways.  Rather  than  solve  the  amplitude  equation  for  the 
coupled  system  to  self-consistently  determine  the  power 
levels,’  and  thus  p,  we  assume  (based  on  experimental  ob¬ 
servation)  that  each  magnetron  has  the  same  pulse  shape, 
either  triangular  or  rectangular,  p  is  thus  completely  de¬ 
termined  by  the  geometry  and  assumed  pulse  shape.  Since 
the  coupling  coefficients  depend  on  the  ratio  of  powers,  this 
represents  only  a  small  correction.  We  have  further  sim¬ 
plified  the  numerical  bookkeeping  by  using  Tpjj  instead  of 
Tg  y  in  the  computations. 

Based  on  the  two-magnetron  analysis,’  the  optimal 
length  for  the  connectors  should  be  some  multiple  of  a 
half- wavelength,  as  can  be  seen  from  Eq.  (4).  For  even 
multiples,  the  stable  phase  difference  should  be  =0°,  for 
odd  multiples,  =:180°. 

There  is  also  a  closure  condition  that  requires  that  any 
closed  loop,  across  connectors  and  resonator-to-resonator 
within  magnetrons,  has  no  net  phase  shift.  Since  we  antic¬ 
ipate  magnetron  operation  in  the  tt  mode,  in  which  adja¬ 
cent  resonators  are  180°  out-of-phase,  the  hybrid  connec¬ 
tion  in  the  half  module  requires  integral  wavelength 
connectors  between  the  peripheral  magnetrons,  and  the  full 
module  requires  half-integral  wavelength  connectors.  Since 
we  had  a  design  goal  of  a  “compact”  module,  our  first 
choice  was  a  connector  length  of  one-half  wavelength. 

We  have  performed  a  systematic  study  to  determine 
the  optimal  geometry  for  phase  locking.  The  variables  that 
were  exercised  in  the  analysis  for  each  of  the  configurations 
of  Fig.  1  were  the  connector  lengths,  the  spread  of  the 
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individual  resonant  frequencies  (the  coqS),  and  the  ^s  (as¬ 
sumed  to  be  the  same  for  all  the  magnetrons). 

We  examined  the  eflFect  of  frequency  spread  by  ran¬ 
domly  assigning  the  coq's  within  a  band  about  a  center 
frequency:  20-70  MHz  about  2.8  GHz.  The  standard  de¬ 
viation  of  the  chosen  frequencies,  ap  was  then  calculated 
to  represent  the  true  measure  of  the  frequency  spread.  We 
set  the  Q  values  for  all  the  magnetrons  to  be  the  same,  and 
let  them  range  from  20  to  50. 

To  distinguish  true  phase  locking  from  frequency  lock¬ 
ing,  we  assigned  three  sets  of  randomly  chosen  initial 
phases  for  the  magnetrons  as  the  starting  point  for  inte¬ 
grating  Eq.  ( 1 ) .  The  phase  difference  of  each  magnetron, 
relative  to  a  reference  magnetron,  should  then  evolve  to  a 
constant,  reproducible,  value.  The  larger  the  frequency 
spread  and  Q  value,  and  the  larger  the  range  of  connector 
lengths  about  the  design  value,  for  which  this  will  happen, 
the  “better”  the  geometrical  configuration. 

Wave  forms  for  full  module  cases  that  phase  lock  and 
do  not  phase  lock  are  shown  in  Figs.  2(a)  and  2(b),  re¬ 
spectively.  The  differences  are  the  ^s  and  the  geometries 
(2=20,  hybrid  for  the  locked  case  and  2=50,  central  for 
the  unlocked  case).  The  locked  case  shows  all  the  antici¬ 
pated  behavior:  regardless  of  initial  phase,  each  magnetron 
rapidly  evolves  to  a  constant  phase  relative  to  the  reference 
magnetron,  that  phase  being  near  0°  or  1 80°,  depending  on 
which  resonator  the  magnetron  is  connected  to.  The  un¬ 
locked  case  shows  no  such  reproducibility;  indeed  the  rel¬ 
ative  phases  of  some  magnetrons  vary  monotonically 
throughout  the  pulse,  demonstrating  a  lack  of  even  fre¬ 
quency  locking. 

As  a  figure-of-merit  for  phase  locking,  we  have  defined 
a  “normalized  power  density,”  S,  and  an  efficiency,  rj,  as 

•^(0  =  ^X  cos[<i/r) -<<i„(0 j 

I  X  sin[(i/r)  -  (i„(/)  -  j  ,  (6) 

N-SP(t)dt  ’ 

where  the  sum  is  over  the  magnetrons  from  which  power  is 
actually  extracted  (see  Fig.  1 ),  and  56 j  is  an  external  phase 
correction,  such  as  would  be  made  by  diffenng  waveguide 
lengths  between  the  magnetrons  and  antennas  or  by  the  use 
of  phase  shifters,  and  magnetron  n  is  the  reference  magne¬ 
tron.  To  determine  the  external  phase  corrections,  we  use 
the  final  phase  differences  from  the  computer  run  with  the 
first  set  of  initial  phases  to  correct  the  subsequent  two  sets. 
The  calculated  efficiency  is  then  based  on  only  these  last 
two  sets.  S{t)  represents  the  power  density  that  could  be 
placed  on  a  target  by  an  antenna  array;  77  normalizes  that 
to  the  maximum  possible  with  a  completely  coherent 
source.  In  Eq.  (7),  P(t)  is  the  power  pulse  shape  and  the 
integral  is  taken  over  the  entire  pulse  length. 

In  analyzing  the  results,  we  find  that  neither  Q  nor 
cry  individually  control  trends,  but  that  their  product  does. 
This  is  a  reasonable  result,  since  Q  determines  the  width  of 


TIME  (ns) 
(a) 


FIG.  2.  (a)  Evolution  of  the  phase  difference  of  six  magnetrons  relative  to 
the  seventh  for  a  case  that  phase  locks.  Three  sets  of  randomly  assigned 
initial  phases  produce  the  same  final  relative  phases,  (b)  The  same  fre¬ 
quencies  and  initial  phases,  but  under  conditions  that  do  not  phase  lock. 
The  final  phases  are  always  mapped  to  ^  180",  producing  the  appearance 
of  a  larger  spread  in  the  initial  phases  in  (b). 


the  resonance  in  each  magnetron,  and  cry  reflects  how  far 
each  magnetron  must  shift  in  frequency  to  come  to  a  com¬ 
mon  frequency.  Looking  at  Eqs.  (3)  and  (4),  this  could 
have  been  anticipated. 

A  comparison  of  the  three  configurations  of  the  full 
module,  for  connectors  one-half  wavelength  long,  is  shown 
in  Fig.  3.  The  hybrid  configuration  is  clearly  preferable. 
We  hypothesize  that  this  is  due  to  the  greater  “connected¬ 
ness”  of  the  hybrid  configuration:  each  peripheral  magne¬ 
tron  is  being  driven  by  three  other  magnetrons,  the  central 
magnetron  by  six  others.  No  magnetron  can  get  very  far 
“out  of  line”  before  it  is  pulled  back  “into  line.”  The  serial 
configuration  shows  some  poor  efficiency  operation  even  at 


2840 


J.  Appl.  Phys.,  Vol.  70,  No,  5,  1  September  1991 


B-16 


Levine  et  al. 


2840 


Elflelancy  (%)  S'  Elficlency  (%)  EHIcl.ncy  (%) 


500  1000  1500  2000  2500 


(b)  0°, 

FIG.  3.  Companson  of  radiation  efficiency  in  the  central,  serial,  and 
hybrid  configurations  of  the  full  module  for  one-half  wavelength  connec¬ 
tors. 


low  Qof.  This  is  because  there  can  be  multiple  stable  states 
of  the  array,  with  additional  multiples  of  60”  phase  shifts 
between  magnetrons.  The  external  phase  corrections  de¬ 
duced  from  the  first  run  therefore  may  be  inappropriate  for 
subsequent  runs  as  the  module  shifts  between  states  from 
one  run  to  the  next. 

We  find  that  the  efficiency  is  fairly  independent  of  the 
connector  length,  so  long  as  it  is  some  integral  number  of 
half  wavelengths,  from  one  to  five  half  wavelengths.  In  Fig. 
4,  we  calculated  for  only  odd  numbers  of  half  wavelengths 
due  to  the  selection  rule  for  the  hybrid  geometry.  (Cer¬ 
tainly,  once  the  transit  time  through  the  connectors  is  com¬ 
parable  to  the  pulse  length,  efficiency  would  become  con¬ 
nector  length  dependent. ) 


FIG.  4.  For  connectors  short  relative  to  the  pulse  length,  efficiency  is 
independent  of  length,  so  long  as  some  integral  number  of  half  wave¬ 
lengths  is  used.  The  hybrid  selection  rules  preclude  phase  locking  with  an 
integral  number  of  wavelengths. 

As  a  practical  matter,  it  is  important  that  the  module 
be  able  to  phase  lock,  even  if  the  connectors  are  not  exactly 
an  integral  number  of  half  wavelengths.  This  reflects  some 
uncertainty  about  the  exact  frequency  at  which  phase  lock¬ 
ing  will  occur,  and  thus  the  phase  shift  across  a  given 
length  of  waveguide,  and  the  manufacturing  tolerance  for 
the  hardware.  Since  the  length  of  the  connectors,  in  wave¬ 
guide  wavelengths  is  —  L/kg,  where  L  is  the  length  and 


Go  =500  MHz 


0.35  0.4  0,45  0.5  0.55  0.6  0.65 

Connector  Length  (X^) 

FIG.  5.  Efficiency  for  the  three  configurations  at  two  values  of  QOf  as  a 
function  of  connector  length.  The  lines  are  quadratic  least-squares  fits, 
drawn  as  visual  aids. 
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Hall  Module  Full  Module 


FIG.  6.  Half  and  full  module  versions  of  the  magnetron  module.  As 
shown,  the  interconnecting  waveguide  is  configured  for  the  hybrid  geom¬ 
etry  in  both  versions. 

Ag  is  the  wavelength  in  the  connecting  waveguide,  the  frac¬ 
tional  deviation  from  the  design  value  is 

AL  /oA/ 

I  I  "^7^ 

■^luO  -^0  Jo—Jc 

where  the  subscript  0  refers  to  design  values  and  is  the 
cutoff  frequency  in  the  waveguide.  With  our  design  param¬ 
eters  [L^  =  0.5  wavelengths,  /o  =  2.8  GHz,  Aq  =  8  cm, 
fc  =  2.08  GHz  (WR280  waveguide)],  a  worst  case  of 
AZ,  =  0.5  cm  and  A/=0.1  GHz,  produces  AJL^,  =  0.07 
wavelengths.  As  shown  in  Fig.  5  for  two  cases  of  Qof  (500 
and  1000  MHz),  the  hybrid  configuration  is  fairly  insensi¬ 
tive  to  connector  length  variations  as  large  as  O.lAg.  The 
serial  configuration  is  also  tolerant  of  connector  length  in¬ 
accuracy  at  the  lower  value  of  Qof,  but  not  at  the  higher 
value,  where  it  is  inefficient  anyway.  The  central  configu¬ 
ration  is  the  most  sensitive  of  all. 

III.  EXPERIMENTAL  PROCEDURE 
A.  Design  of  hardware 

The  magnetron  module  was  designed  to  operate  in 
both  the  half  and  full  module  configurations,  as  shown  in 
Fig.  6.  The  cathodes  are  0.5-cm  radius  stainless-steel  cyl¬ 
inders,  extending  through  the  anode  blocks,  connected  to  a 
common  bus  plate,  which  is  attached  to  the  Physics  Inter¬ 
national  CAMEL-X  pulser  ( 1  MV,  2.8  fl.  65  ns  nominal 


Numbering  Convention 


Half  Module  Full  Module 


FIG.  7.  Numbering  convention  used  in  this  paper  for  the  half  and  full 
module. 


parameters).  The  anodes  are  of  the  A6  design,  7.2-cm  long, 
with  inner  radius  of  2. 1  cm.  There  are  six  resonators  of 
radius  4.2  cm,  each  subtending  20*.  Endcaps  of  2.1 -cm 
inner  radius  close  off  both  ends  of  the  resonators.  There  is 
a  single  vacuum  vessel,  containing  all  of  the  magnetrons 
and  interconnecting  waveguides.  The  magnetic  field  is  pro¬ 
duced  by  a  single  external  Helmholtz  coil  set,  producing  up 
to  9.5  kG  with  a  300-kJ  pulsed  capacitor  bank. 

Eighteen  penetrations  in  the  vacuum  vessel  allow 
power  extraction  and  diagnostic  access.  Note  that  for  the 
full  module,  there  is  no  extraction  from  the  central  mag¬ 
netron.  The  microwaves  are  absorbed  in  waveguide- 
dummy  loads,  all  in  vacuum,  connected  to  the  ends  of  the 
waveguide  arms  shown  in  Fig.  6. 

All  of  the  interconnecting  waveguides  can  be  removed, 
and  the  extraction  irises  blanked  off,  allowing  us  to  con¬ 
figure  the  module  in  the  various  interconnection  geome¬ 
tries.  The  numbering  convention  of  the  magnetrons  is 
shown  in  Fig.  7. 


B.  Diagnostics 

The  electrical  diagnostics  for  the  system  consist  of  a 
voltage  monitor  on  the  CAMEL-X  marx,  two  total  current 
Rogowski  coils,  and  individual  Rogowski  coils  on  the  input 
to  each  magnetron.  All  the  signals  are  collected  on  a  digital 
data  acquisition  system,  facilitating  inductive  correction  of 
the  voltage  from  the  marx  to  the  magnetrons  and  compar¬ 
ison  of  the  total  current  measurements  with  the  sum  of  the 
individual  current  measurements,  indicating  breakdown  in 
the  electrical  feed. 

One  waveguide  arm  from  each  magnetron  contained  a 
power  sampler,  with  approximately  65-70  db  coupling. 
Each  signal  was  divided  several  times  for  simultaneous 
measurement  with  a  crystal  detector  for  power  and  pulse 
shape  determination,  a  heterodyne  receiver  for  frequency 
determination,  and  a  phase  discriminator  for  the  relative 
phase  measurement.'^  One  of  the  magnetrons,  typically  the 
#  1  magnetron  in  Fig.  7,  served  as  the  reference  against 
which  all  the  other  phases  were  measured. 

Like  the  electrical  diagnostics,  all  the  microwave  diag¬ 
nostics  were  recorded  with  the  digital  data  acquisition  sys¬ 
tem.  The  bandwidth  of  the  system  was  ~400  MHz,  which 
provided  adequate  response  for  most  of  the  measurements. 
The  limitation  arose  in  the  heterodyne  signal;  if  the  micro- 
waves  were  more  than  4(X)  MHz  away  from  the  local  os¬ 
cillator,  they  disappeared  from  the  heterodyne  signal.  (The 
signature  of  such  a  large  frequency  difference  was  that  the 
crystal  detector  pulse  was  much  longer  than  the  hetero¬ 
dyne  signal.)  We  calibrated  each  of  the  crystal  detectors, 
and  fit  the  curves  with  either  an  exponential  or  quadratic 
function  to  automatically  calculate  power  pulse  shap» 
from  the  measured  signals. 

The  phase  discriminators  have  four  outputs:  VI,  V2, 
V3,  and  V4.  The  differences,  in  pairs,  give  the  cosine  and 
sine  of  the  relative  angle  between  the  signals,  <t>,  with  an 
amplitude  determined  by  the  product  of  the  signal  ampli¬ 
tudes,  A  and  B\ 
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VI  -\2=ABcostf>, 

V3  -  V4  =  ^5sin^.  (9) 

The  differences  are  constructed  by  analog  methods,  with 
high-frequency  pulse  transformers,  and  then  recorded. 
When  taking  the  ratio  and  the  arc  tangent,  we  determine 
the  quadrant  of  the  relative  angle  by  checking  the  polarity 
of  the  cosine  and  sine  terms.  The  range  of  the  display  is 
chosen  for  the  least  confusing  output,  sometimes  —  180°- 
180°,  sometimes  0°  to  360°,  etc.  Before  and  after  the  micro- 
wave  pulse,  both  signals  are  just  noise  producing  wild  vari¬ 
ations  in  the  processed  wave  forms.  Therefore  the  results 


are  meaningful  only  during  the  actual  microwave  pulse, 
i.e.,  the  smoothly  varying  part  of  the  signal. 


C.  Experimental  results 
1.  Half  module 

Most  of  our  work  was  with  the  central  configuration 
(see  Fig.  1).  Some  attempts  with  the  hybrid  configuration 
were  made,  but  breakdown  problems  in  the  waveguides 
extracting  power  from  the  central  magnetron  made  this 


FIG.  8.  Relative  phases  for  the  half  module  in  the  central  configuration: 
(a)  1.3-GW  rms  peak  and  (b)  2.0-GW  rms  peak  (no  extraction  from  the 
center  magnetron).  The  time  interval  of  the  magnetron  power  pulse  was 
(a)  from  15  to  55  ns  and  (b)  from  15  to  45  ns. 
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Phase  Difference  between  Magnetrons  1  and  2 


Phase  Difference  between  Magnetrons  1  and  3 


(a)  Time  (ns) 


Phase  Difference  between  Magnetrons  1  and  6 


mode  unreliable.  In  unconnected  operation,  the  frequency 
was  2.8  GHz,  with  a  spread  of  <30  MHz  between  all  the 
magnetrons. 

Four-shot  overlays  of  phase  discnminator  measure¬ 
ments  for  two  power  levels  of  centrally  connected  opera¬ 
tion  are  shown  below  in  Fig.  8.  It  takes,  typically.  5  ns 
from  the  onset  of  microwave  output  for  the  phases  to  lock 
(the  zero  of  time  in  the  graphs  is  related  to  the  starting  of 
the  data  acquisition  system  and  not  the  microwaves).  The 
phase  locking  is  then  maintained  for  the  duration  of  the 
power  pulse.  The  phase  difference  between  magnetrons  I 
and  3  in  Fig.  8(a)  demonstrates  "perfect”  phase  locking: 
the  relative  phase  is  constant  during  the  entire  power  pulse 
and  reproducible  shot-to-shot.  The  remaining  lower  power 
data  shows  excellent  reproducibility,  but  some  phase  drift 
during  each  shot.  The  higher  power  data  shows  only 
slightly  reduced  shot-to-shot  reproducibility  with  compa¬ 
rable  phase  drift.  These  two  aspects  of  phase  locking  have 
essentially  the  same  implication  for  an  antenna  array:  the 
±22.5°  band  in  phase  in  the  lower  power  shots  would  de¬ 


Phase  Difference  between  Magnetrons  1  and  4 


FIG.  9.  Four-s)iot  overlay  of  tlie  relative  phase  angles  between  magne¬ 
trons  in  the  hybrid  configuration  of  the  full  module. 


grade  the  power  density  in  the  far  field  by  no  more  than 
10%  from  the  maximum  possible,  the  ±30°  band  in  the 
higher  power  data  would  degrade  the  power  density  by  no 
more  than  15%. 

2.  Full  module 

The  magnetron  module  was  designed,  from  the  outset, 
to  accommodate  an  upgrade  to  the  full,  seven-magnetron 
configuration  (see  Fig.  6)  with  a  minimum  of  modification. 
One  significant  difference  was  that  the  central  magnetron 
(when  present)  was  connected  to  the  six  peripheral  mag¬ 
netrons  so  that  there  was  no  diagnostic  access. 

Phase  locking  in  the  hybrid  configuration:  Based  oa 
our  numerical  modeling  of  the  magnetron  module,  we  an¬ 
ticipated  that  the  hybrid  configuration  had  the  best  chance 
of  phase  locking.  We  therefore  began  our  experiments  in 
the  hybrid  mode. 

Figure  9  is  an  overlay  of  the  relative  phase  measure¬ 
ments  for  four  consecutive  shots;  the  power  measured  for 
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Extracted  Power  /  Am;  3  Am  Extraction 


Mag  6 
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Estimated  Total  Extracted  Power 


FIG.  10.  Output  power  for  the  third  shot  of  the  sequence  in  Fig.  9. 


one  of  the  shots  (the  third  in  the  sequence)  is  shown  in 
Fig.  10.  The  total  power  is  “estimated”  in  that  we  have 
assumed  that  the  three  extraction  arms  on  each  magnetron 
have  the  same  power  (supported  by  previous  measure¬ 
ments).  We  thus  sum  the  measured  powers  and  multiply 
by  three.  [N.B.,  this  is  an  upper  bound  on  the  S  function 
defined  in  Eq.  (6)  since  there  is  no  correction  for  the  rel¬ 
ative  phases.  When  phase  locking  is  successful,  they  are 
equivalent;  when  phase  locking  is  unsuccessful,  the  esti¬ 
mated  power  is  larger  than  S.] 

This  data  clearly  demonstrates  successful  phase  lock¬ 
ing.  It  takes,  at  most,  5  ns  for  the  phases  to  come  together, 
as  measured  from  the  beginning  of  the  piower  pulse.  (As 
above,  the  zero  reference  time  is  related  to  the  data  acqui¬ 
sition  system  and  not  to  the  microwaves. )  The  small  drift 
in  the  phases  of  magnetrons  2  and  6,  relative  to  1,  would 
account  for  no  more  than  a  5%  degradation  of  the  total 
possible  power  delivered  from  an  antenna  tuned  for  the 
center  of  the  pulse.  The  shot-to-shot  reproducibility  is 
within  the  noise  variation  of  each  shot.  This  is  amazingly 
good  phase  locking,  qualitatively  better  than  that  observed 
in  the  half  module  experiments  or  the  previously  reported 
dual-magnetron  experiments.^  In  the  course  of  the  experi¬ 
ment,  the  hardware  was  disassembled  and  reassembled  sev¬ 
eral  times;  it  was  always  possible  to  obtain  comparable 
results  quickly. 
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FIG.  11.  Relative  phase  measureittenis  for  a  single  shot  in  the  central  geometry.  The  shot-to-shot  reproducibility  was  so  poor  that  an  overlay  would  only 
obscure  the  results.  (No  data  were  Uken  from  magnetron  2  for  this  shot.) 
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FIG  12.  Relalive  phase  measurements  for  a  single  shot  in  the  serial  geometry.  The  shot-to-shot  reproducibility  was  so  poor  that  an  overlay  would  only 
obscure  the  results 


Investigation  of  other  interconnection  geometries.  Fig¬ 
ures  11.  12,  and  13  are  relative  phase  measurements  for  the 
central  and  serial  configurations  of  Fig.  1,  and  a  linear 
chain  (the  serial  configuration  with  the  connection  be¬ 
tween  magnetrons  3  and  4  removed),  respectively.  The 
estimated  total  power  levels  for  these  shots  were  all  1. 5-2.0 
GW.  We  see  in  these  shots  various  types  of  phase  evolu¬ 
tion,  none  of  which  matches  the  phase  locking  of  the  hy¬ 
brid  mode.  There  are  magnetrons  that  show  a  steady,  rapid 
increase  in  their  phase  difference  (e.g.,  magnetrons  1  and  5 
in  the  central  geometry  and  magnetrons  1  and  3  in  the 
linear  chain).  The  explanation  is  that  these  are  magnetrons 
operating  at  different  frequencies  (with  frequency  differ¬ 


ences  of  81  and  33  MHz,  respectively).  There  are  also 
cases  where  the  frequency  differences  are  small  enough 
that  the  relative  phases  are  constant,  or  nearly  constant,  for 
a  substantial  portion  of  the  pulse.  However,  even  in  these 
cases,  the  lack  of  shot-to-shot  reproducibility  (e.g.,  see  the 
relative  phase  of  magnetrons  1  and  4  and  the  relative  phase 
of  magnetrons  1  and  5  in  the  linear  chain)  make  these 
unsuitable  for  a  phased-array  antenna.  This  is  the  distinc¬ 
tion  between  frequency  locking  and  phase  locking.  (These 
sources  could  conceivably  create  a  microwave  beam,  but  it 
would  be  useless  since  the  direction  in  which  the  beam 
pointed  would  vary  on  a  shot-to-shot  basis. ) 
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FIG.  13,  Relative  phase  measurements  for  an  overlay  of  four  shots  in  the  linear  chain  geometry. 


IV.  SUMMARY 

Figure  14  qualitatively  summarizes  our  present  and 
previous'*  observations  on  geometries  that  support  phase 
locking.  The  first  column  shows  that  the  phase  locking  in  a 
linear  chain  geometry  degrades  as  the  number  of  magne¬ 
trons  increases.  Connecting  the  ends  of  the  chain  in  the 
six-magnetron  serial  geometry  does  not  reverse  the  trend. 
The  second  column  shows  that  the  same  is  true  of  the 
central  configuration:  it  phase  locks  for  the  half  module  but 
not  the  full  module.  The  hybrid  configuration  of  the  full 


module,  as  shown  in  the  last  column,  phase  locks  very  well. 
One  generalization  supported  by  the  data  is  that  more  con¬ 
nection  between  magnetrons  produces  better  phase  lock- 

There  are  two  approaches  to  further  increase  tne 
power  from  phase-locked  magnetrons.  The  first  is  to  add 
another  ring  of  magnetrons  around  the  existing  seven  to 
create  a  module  of  19  magnetrons.  This  has  an  efficiency 
drawback  since  one  could  extract  power  from  only  twelve 
of  them. 
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FIG.  14.  Qualitative  summary  of  geometries  that  support  phase  locking. 

The  second  approach  is  to  create  an  array  of  modules. 
If  the  microwave  pulse  length  could  be  extended,  so  that  it 
was  long  compared  to  the  propagation  time  between  mod¬ 
ules,  the  array  would  be  the  analogue  to  the  present  mod¬ 
ule,  with  modules  replacing  the  individual  magnetrons  in 


the  present  picture.  If  the  pulse  length  cannot  be  extended 
sufficiently,  the  modules  could  not  interact  as  peers.  In¬ 
stead,  one  module  would  have  to  be  master  to  the  rest.  A 
successful  test  of  this  interaction  would  be  a  proof-of-prin- 
ciple  demonstration  that  could  lead  to  a  system  with  an 
unlimited  amount  of  rf  power. 
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Figure  1.  Energy  conversion  steps  in  the  MTL  (Microwave  to  Low  Earth 
Orbit)  system.  Microwave  power  is  beamed  to  the  platform  and  is 
converted  to  chemical  energy  by  use  of  a  fuel  cell  and  recovered  for 
use  as  needed.  (From  Reference  13.) 

SYSTEMS  CONCEPT 

The  first  step  in  the  energy  conversion  scheme  is  the  generation  of  DC  electrical  power 
at  ground  based  stations,  and  conversion  to  RF  (microwave )  frequencies  using  microwave 
generators.  The  choice  of  the  microwave  generators  and  the  transmitting  antennas  for 
power  transmission  using  microwave  beams  have  been  dealt  with  independently  in  Refs.  1, 
2,  9,  10,  11,  and  12.  Magnetrons,  klysuons,  solid  state  devices  and  travelling  wave  tubes 
(Tvhfs)  are  among  some  of  the  microwave  generators  1-2,10  considered  in  past  power 
beaming  research.  The  SDI  applications  considered  here  will  probably  use  relativistic 
klystrons.  Many  innovative  concepts  have  been  suggested  for  the  design  of  the 
transmitting  antenna  including  circular  dish  antennas,  slotted  phased  arraysl,  and  arrays  of 
parabolic  antennas  with  Cassegrain  feed.  WoodH,  has  proposed  a  large  antenna  of  a  flat 
geometry,  consisting  of  many  identical  reflecting  panels  moved  by  linear  actuators  to 
generate  and  power  the  SHARP  (Stationary  High  Altitude  Platform),  which  is  essentially  a 
microwave  powered  remote  controlled  airci^t. 

The  CO-OPS  (Carbon  Dioxide  Observational  Platform)  study^»10  essentially  considered 
three  arrays  -  dish,  slotted  array,  and  slotted  arrays  on  pedestal,  and  concluded  that  the 
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prime  candidate  for  the  ground  power  system  is  the  slotted  arrays  on  pedestal.  An 
important  feature  which  emerges  from  the  CO-OP's  study,  which  was  treated  at  some 
length  by  us  earlier^’2^  and  of  relevance  to  any  beamed  microwave  concept,  is  the  power 
control,  steering  and  focussing  of  the  microwave  beam.  Fig  2,  adapted  from  the  CC)-OP's 
study^  describes  the  ground  power  system  and  associated  controls.  Power  control  is 
necessary  as  excess  power  is  likely  to  overheat  the  diodes  and  can  reduce  the  life  of  the 
rectenna,  and  in  some  cases  even  destroy  the  diodes  in  the  rectenna.  The  beam  steering 
and  focussing  are  achieved  by  either  a  central  or  a  distributed  system^.  In  the  central 
system  the  azimuth  and  elevarion  of  the  platform  is  measured,  the  appropriate  steer  and 
focus  are  calculated  and  phase  control  is  provided  over  the  aperture.  In  the  distributed 
system  to  be  used  here,  however,  the  phase  gradients  are  measured  and  power  control  is 
achieved  by  a  feedback  system  between  the  platform  and  the  ground  station. 


The  next  step  in  the  energy  conversion  scheme  is  the  reception  and  rectification  of  the 
power  by  the  rectenna  onboard  the  MTL  system.  The  rectenna  technology  has  been  dealt 
with  at  length  in  our  earlier  papers^ -2.  The  rectenna  is  deployed  similar  to  the  thermal 
radiators  -  essentially  as  a  parasol  on  a  spin  stabilized  boom.  Such  a  deployment  has  its 
advantages  in  that  the  rectenna  can  be  spun  out  in  order  to  deploy  it  initially,  the  orientation 
of  the  boom  can  be  controlled  with  respect  to  the  earth  and  further  the  polarization  losses  in 
the  rectenna  can  be  controlled.  However  power  conditioning  from  the  rectenna  to  the  fuel 
cell  is  very  important,  for  as  shown  in  Figure  3,  the  power  received  at  the  rectenna  varies 
approximately  as  a  gaussian  during  the  beaming,  whereas  the  input  to  the  electrolyzer 
(which  is  essentially  the  fuel  cell  operating  in  the  reverse  or  regenerative  mode)  has  to  be 
approximately  at  steady  voltage.  The  PC  /  C  (Power  Conditioning  and  Control)  is  achieved 
by  a  dynamic  switching  circuit,  shown  in  Figure  4. 
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Figure  2.  Block  diagram  of  the  ground  microwave  power  system  which 
illustrates  the  power  control,  beam  steering  and  focussing  adapted 
from  the  CO-OPS  study  performed  by  Lockheed.  (Reference  9.) 
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Figure  3.  Variation  of  received  power  on  the  face  of  the  rectenna  and  with 
scan  time  (fraction  of  the  orbit  during  which  beaming  occurs)  for  an 
800  Km  altitude  platform,  and  a  ratio  of  rectenna  to  transmitter  size 
of  62/500.  (From  Reference  13.) 
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Figure  4.  Block  diagram  of  the  power  conditioning  from  the  rectenna  to 
the  fuel  cell  using  a  dynamic  solid  state  switching  circuit  to  change 
the  combination  of  the  sub  arrays  from  series  to  parallel  as  the 
platform  is  energized  during  beaming.  (From  Reference  13.) 


The  rectenna  is  divided  into  a  number  of  sub  arrays  which  can  be  coupled  together  in 
required  series-parallel  combinations,  which  produce  the  required  output.  However  some 
other  components  will  also  be  necessary  to  complete  the  power  conditioning,  which  will 
include  voltage  and  current  limiters,  since  the  rectenna  feeds  the  bus  as  well  as  the 
electrolyzer  during  beaming. 


ANAT.YSTS  OF  THE  MTL  SYSTEM 

In  order  to  assess  the  feasibility  of  Earth  to  satellite  microwave  power  tr^smission 
for  SDI  satellites,  two  computer  programs  were  used.  The  first  was  an  orbit  program 
which  tracks  satellites  as  they  pass  over  a  ground  station.  Satellites  in  polar  orbit  at  2(X), 
300,  and  400  kilometer  altitudes  were  tracked  as  they  passed  over  a  ground  station  located 
at  65°  North  latitude.  The  program  computes  the  azimuth  and  elevation  of  the  satellite  as  a 
function  of  time.  The  second  computer  program  uses  this  data  to  compute  rectenna  size  for 
a  given  transmitted  power,  housekeeping  power,  frequency,  and  transmitter  size.  Peak 
beam  intensity  at  the  rectenna  is  also  computed.  It  was  assumed  that  the  number  of  ground 
stations  and  their  longitude  is  such  that  each  satellite  passes  over  a  ground  station  once  per 
orbit.  The  scan  times  used  are  the  amount  of  time  that  a  given  satellite  is  at  least  15°  over 
the  horizon  as  it  passes  over  a  given  ground  station.  The  scan  times  per  orbit  are  given  in 
Table  1.  This  table  also  shows  orbital  period  and  f  (the  fraction  of  the  orbit  during  which 
power  transmission  takes  place;  it  is  found  by  dividing  scan  time  per  orbit  by  orbital 
period).  In  order  to  obtain  a  consistent  set  of  data,  the  rectenna  ^izes  were  initially 
computed  for  a  microwave  frequency  of  2.45  GHz  (wavelength  =  12.25  cm)  and  a 
transmitter  diameter  of  5(X)  meters.  The  effect  of  increasing  the  frequency  was  then 
examined. 
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In  order  to  size  the  rectenna  and  other  related  subsystems  the  second  computer 
program,  mentioned  above,  was  developed,  based  on  the  analysis  developed  earlier^  *2. 
This  program  computes  the  average  reception  efficiency  <rir>.  rectenna  size  Dr  and  peak 
beam  intensity  Iq  on  the  rectenna  plane  for  a  ^ven  housekeeping  power  level  Ph,  altitude  h 
and  transmitted  power  level  Pi.  The  required  average  efficiency,  in  order  to  size  the 
rectenna  for  a  given  housekeeping  power  level  and  transmitted  power  level,  is  determined 
from  an  energy  conservation  criterion  on  the  platform.  For  conservation  of  energy, 

PH(T-fT)  +  PHfT  =  PtfT<nr>Tls  (1) 

which  can  be  solved  for  the  required  average  reception  efficiency, 

<nr>  =  PH/(PtfTls)  (2) 

ywhere  T  is  the  orbital  time  period,  f  T  is  the  transmission  time  during  which  energy  is 
beamed  to  the  platform,  f  is  the  accessibility  fraction  mentioned  above,  and  Tis  is  the 
systems  efficiency.  The  parameter  tIs  includes  the  rectenna  conversion  efficiency  of 
microwave  to  DC,  the  power  conditioning  efficiency,  and  the  "round  trip"  efficiency  of  the 
fuel  cell  (i.e,  in  both  the  electrolyzer  and  cell  modes).  The  value  of  "ns  is  held  fixed  at  0.70. 
The  rectenna  diameter  is  fixed  at  a  certain  value  and  the  transmission  efficiency  <Tir>  is 
computed  using  equations  given  based  on  orbital  geometry^ 2.  The  calculated  efficiency  is 
compared  with  the  required  efficiency  computed  from  Equation  2,  and  the  rectenna  size  is 
either  increased  or  decreased  iteratively  until  the  energy  conservation  criterion  is  fulfilled. 
This  computation  is  repeated  for  different  transmitted  and  housekeeping  power  levels  and 
altitudes.  Once  the  size  of  the  rectenna  is  fixed,  the  average  efficiency  is  calculated,  and  the 
peak  beam  intensity  is  determined  from; 

2 

(3) 

Tables  2A  through  4B  show  the  results  from  the  microwave  transmission  program. 
The  contract  required  that  we  assess  microwave  power  transmission  for  both  low  (100 
kilowatts)  and  high  (1  megawatt)  levels  of  onboard  housekeeping  power  (Ph).  Levels  of 
transmitted  power  (Pt)  appropriate  for  these  levels  of  housekeeping  power  were  chosen. 
Due  to  the  nature  of  the  program,  it  was  easy  to  assess  two  levels  of  housekeeping  power 
for  a  given  transmitted  power.  Thus,  the  tables  for  100  kW  of  housekeeping  power  also 
include  200  kW  of  housekeeping  power.  The  tables  for  1  MW  of  housekeeping  power 
also  include  500  kW  of  housekeeping  power.  This  provides  insight  into  how  rectenna 
diameter  scales  with  housekeeping  power  if  all  other  quantities  are  held  constant.  Note  in 
the  tables  that  for  a  given  Pt,  doubling  Ph  doubles  <T|r>,  as  expected  from  Equation  2  (the 
doubling  of  <r|r>  is  not  precise,  since  the  program  only  computes  rectenna  diameter  to  the 
nearest  meter).  The  rectenna  area  increases,  and  in  fact  more  than  doubles  (that  is,  the 
rectenna  diameter  increases  by  a  factor  of  more  than  V2),  since  the  beam  intensity  is  not 
constant  across  the  rectenna.  The  peak  beam  intensity  stays  the  same,  since  the  rectenna  is 
intercepting  a  greater  portion  of  the  same  beam  for  higher  Ph- 

Since  the  two  high  housekeeping  powers  used  (500  and  1000  kW)  were  five  times 
the  values  of  the  two  low  housekeeping  powers  used  (100  and  200  kW),  values  of 
transmitted  power  used  in  the  former  cases  were  five  times  the  latter.  One  exception  to  this 
is  that  an  extra  Pt  case  (50  MW)  was  used  for  low  Ph.  Since  50  MW  of  Pt  was  used  for 
high  Ph,  the  scaling  of  rectenna  with  Ph  is  shown.  From  Equation  2,  it  is  seen  that  at  a 
given  scan  fraction  f  (i.e.,  at  a  given  altitude),  <rir>  depends  on  the  ratio  Ph  /  Pt-  Thus,  at 
a  given  altitude,  rectenna  diameter  will  depend  on  this  ratio,  and  not  on  the  specific  values 
of  Ph  and  Pt.  Hence,  the  rectenna  diameters  and  the  values  of  <'nr>  in  a  given  "A"  table 
(low  housekeeping  powers)  will  match  those  in  the  corresponding  "B"  table  (high 
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housekeeping  powers).  However,  the  peak  beam  intensity  will  increase  and  will  vary 
direcdy  with  Pt- 

In  designing  SDI  satellites,  rectenna  size  must  be  kept  to  a  minimum  in  order  to 
minimize  target  area,  atmospheric  drag,  and  launch  costs.  As  Tables  2A  through  4B 
indicate  one  way  of  achieving  this  is  by  using  high  levels  of  transmitted  power.  This 
results  in  low  values  of  <Tir>;  hence,  much  of  the  transmitted  power  goes  to  waste. 
Furthermore,  the  peak  beam  intensities  may  increase  to  levels  that  are  beyond  those  which 
the  rectenna  can  handle.  Such  intensities  may  cause  direct  heating  of  the  rectenna,^, 
more  importantly,  an  overload  of  the  diodes  in  the  rectenna.  Current  designs  for  2.45  GHz 
rectennas  can  handle  250  to  300  W  /  m^  in  space.  Rectennas  designed  for  2.45  GHz  have 
200  diodes  per  square  meter;  this  corresponds  to  about  1.5  watts  per  di^e.  Dieses  for  use 
in  rectennas  have  been  successfully  tested  at  20  watts  each  if  convective  cooling  is  used, 
this  corresponds  to  4000  W  /  rrP-.  However,  our  results  show  peak  beam  intensities  in  the 
tens  of  thousands  of  watts  per  square  meter  for  higher  levels  of  tr^smitted  power.  The 
highest  intensity  shown  in  the  tables  is  approximately  78,700  W  /  m^  (see  Table  2B).  This 
corresponds  to  nearly  400  watts  per  diode.  Thus,  the  rectennas  used  in  such  cases  will 
require  thermal  redesign,  employing  special  coatings  and  passive  cooling  heat  sinks.  In 
addition,  more  advanced  diodes  may  have  to  be  developed. 

An  alternate  method  of  minimizing  rectenna  size  is  to  use  relatively  small  levels  of 
transmitted  power,  but  to  increase  the  frequency  of  the  microwave  beam.  The  rectenna 
diameter  is  directly  proportional  to  wavelength  (that  is,  inversely  proportional  to 
frequency).  The  peak  beam  intensity  is  inversely  proportional  to  the  area  occupied  by  the 
main  lobe,  and  is  thus  inversely  proportional  to  the  square  of  the  wavelength  (that  is, 
directly  proportional  to  the  square  of  the  frequency).  If  the  frequency  increases  by  x,  then 
the  rectenna  diameter  decreases  by  1/x,  and  the  peak  beam  intensity  increases  by 
Although  it  may  seem  that  this  offers  no  thermal  advantage  over  an  x^  increase  in 
transmitted  power  at  the  original  frequency  (which  would  also  allow  for  a  smaller 
rectenna),  it  must  be  kept  in  mind  that  the  number  of  diodes  per  square  meter  of  rectenna 
will  also  increase  by  x^;  the  total  number  of  diodes  in  the  rectenna  ^11  thus  stay  the  same. 
This  is  because  each  rectenna  element  has  one  diode,  and  the  size  and  spacing  of  the 
elements  is  proportional  to  wavelength.  Thus,  for  a  given  level  of  transmitted  power,  as 
the  frequency  is  increased,  the  rectenna  size  will  decrease,  but  the  power  in  each  diode  will 
remain  the  same.  From  Equation  2,  and  from  Tables  2A  through  4B,  it  is  seen  that  the 
largest  values  of  rectenna  diameter  and  <nr>  occur  at  the  largest  values  of  the  ratio  Pr  /  Pt; 
specifically,  1/50  in  the  cases  examined.  It  is  seen,  especially  for  the  200  kilometer  orbit, 
that  for  such  power  ratios,  the  rectennas  are  impractically  large  and  the  values  of  <nr>  are 
near  100%.  (This  shows  that  values  of  Pr  /  Pt  much  larger  than  about  1/50  are  not 
practical.)  Tables  5,  6,  and  7  show  the  effect  of  frequency  on  the  size  of  the  rectennas  for 
Pr  /  Pt  =1/50.  At  a  given  altitude,  for  a  given  value  of  Pr  /  Pt,  the  value  of  <nr>  does  not 
change  with  frequency.  The  new  frequencies  considered  are  5.9,  35,  and  94  GHz. 

Increasing  the  frequency  may  be  a  promising  means  by  which  the  rectenna  size  can 
be  minimized  without  overloading  the  diodes.  For  example,  suppose  a  housekeeping 
power  of  1  MW  is  needed  at  an  altitude  of  300  kilometers.  A  transmitted  power  level  of  50 
MW  can  be  used.  This  results  in  a  fairly  high  value  of  <Tir>  (about  64%),  but  the  rectenna 
is  an  unwieldy  366  meters  across  (Table  3B)  if  we  use  the  2.45  GHz  frequency.  If  we 
wish  to  downsize  the  rectenna  to  roughly  150  meters,  we  are  faced  with  two  alternatives. 
We  can  increase  the  power  transmitted  to  75  MW,  but  the  maximum  power  handled  per 
diode  goes  from  59  W  /  m^  (1 1,726  watts  per  square  meter  /  200  diodes  per  square  meter) 
to  88  W  /  m^  (17,589  watts  per  square  meter  /  200  diodes  per  square  meter,  see  Table  3B). 
In  addition,  <rir;^  decreases  to  approximately  42%,  so  that  more  of  the  transmitted  power  is 
wasted.  Alternatively,  we  can  maintain  a  transmitted  power  level  of  50  MW,  and  increase 
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the  frequency  to  5.9  GHz.  This  results  in  a  rectenna  diameter  of  152  meters,  while 
preserving  a  power  handled  per  diode  of  59  watts  and  an  <rir>  of  64%  (see  Table  6).  By 
increasing  the  frequency  to  35  GHz,  a  rectenna  only  26  meters  across  becomes  possible, 
while  maintaining  the  same  power  handled  per  diode  and  <rir>.  However,  there  will  now 
be  a  peak  beam  intensity  of  approximately  2.4  MW  /  m^  incident  on  the  rectenna;  the 
thermal  effects  of  such  an  intense  beam  on  the  rectenna  must  be  examined. 

The  size  of  the  rectenna  can  be  decreased  if  the  diameter  of  the  transmitter  array  is 
increased.  An  increase  in  transmitter  diameter  by  a  factor  of  x  will  allow  a  decrease  in  the 
rectenna  diameter  by  the  same  factor.  However,  both  the  peak  beam  intensity  and  the 
power  per  diode  will  increase  by  a  factor  of  x^.  (Since  the  wavelength  is  being  held 
constant  in  this  case,  the  number  of  diodes  per  square  meter  remains  fixed.) 


TABLE  1 

ORBITAL  PERIODS  AND  SCAN  TIMES 


Altitude 

Period 

Period 

Scan  Time 

Scan 

(km) 

(min) 

(sec) 

(sec) 

Fraction  (f) 

2(X) 

88.44 

5306 

168 

0.0317 

300 

90.46 

5428 

240 

0.0442 

400 

92.50 

5550 

300 

0.0541 
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TABLE  2A 

200  KILOMETER  ORBIT,  LOW  HOUSEKEEPING  POWER 


Pt 

Ph 

Rectenna 

Peak  Beam 

<Tlr> 

(MW) 

(kW) 

Diameter 

(meters) 

Intensity 

(W/m2) 

(%) 

10 

100 

108 

5247 

44.20 

10 

200 

1008 

5247 

89.25 

15 

100 

65 

7870 

29.52 

15 

200 

204 

7870 

59.18 

20 

100 

50 

10,493 

21.66 

20 

200 

108 

10,493 

44.20 

25 

100 

43 

13,117 

17.58 

25 

200 

79 

13,117 

35.46 

30 

100 

38 

15,740 

14.59 

30 

200 

65 

15,740 

29.52 

50 

100 

27 

26,233 

8.27 

50 

200 

43 

26,233 

17.58 

TABLE  2B 

200  KILOMETER  ORBIT,  HIGH  HOUSEKEEPING  POWER 


Pt 

Ph 

Rectenna 

Peak  Beam 

<rir> 

(MW) 

(kW) 

Diameter 

Intensity 

(%) 

(meters) 

(W/m2) 

50 

500 

108 

26,233 

44.20 

50 

1000 

1008 

26,233 

89.25 

75 

500 

65 

39,350 

29.52 

75 

1000 

204 

39,350 

59.18 

100 

500 

50 

52,466 

21.66 

100 

1000 

108 

52,466 

44.20 

125 

500 

43 

65,583 

17.58 

125 

1000 

79 

65,583 

35.46 

150 

500 

38 

78,699 

14.59 

150 

1000 

65 

78,699 

29.52 
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TABLE  3A 

300  KILOMETER  ORBIT,  LOW  HOUSEKEEPING  POWER 


Pt 

Ph 

Rectenna 

Peak  Beam 

<nr> 

(MW) 

(kW) 

Diameter 

Intensity 

(%) 

(meters) 

(W/m2) 

10 

100 

101 

2345 

31.35 

10 

200 

366 

2345 

63.66 

15 

100 

71 

3518 

20.66 

15 

200 

145 

3518 

42.10 

20 

100 

58 

4690 

15.40 

20 

200 

101 

4690 

31.35 

25 

100 

50 

5863 

12.16 

25 

200 

82 

5863 

24.89 

30 

100 

44 

7035 

9.81 

30 

200 

71 

7035 

20.66 

50 

100 

32 

11,726 

5.56 

50 

200 

50 

11,726 

12.16 

TABLE  3B 

300  KILOMETER  ORBIT,  HIGH  HOUSEKEEPING  POWER 


Pt 

Ph 

Rectenna 

Peak  Beam 

<nr> 

(MW) 

(kW) 

Diameter 

Intensity 

(%) 

(meters) 

(W/m2) 

50 

500 

101 

11,726 

31.35 

50 

1000 

366 

11,726 

63.66 

75 

500 

71 

17,589 

20.66 

75 

1000 

145 

17,589 

42.10 

100 

500 

58 

23,452 

15.40 

100 

1000 

101 

23,452 

31.35 

125 

500 

50 

29,314 

12.16 

125 

1000 

82 

29,314 

24.89 

150 

500 

44 

35,177 

9.81 

150 

1000 

71 

35,177 

20.66 
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TABLE  4A 

400  KILOMETER  ORBIT,  LOW  HOUSEKEEPING  POWER 


Pt 

Ph 

Rectenna 

Peak  Beam 

<Tlr> 

(MW) 

(kW) 

Diameter 

(meters) 

Intensiw 

(W/m2) 

(%) 

10 

100 

107 

1322 

25.49 

10 

200 

260 

1322 

51.88 

15 

100 

79 

1983 

16.75 

15 

200 

141 

1983 

34.42 

20 

100 

65 

2643 

12.29 

20 

200 

107 

2643 

25.49 

25 

100 

57 

3304 

9.84 

25 

200 

90 

3304 

20.27 

30 

100 

50 

3965 

7.82 

30 

200 

79 

3965 

16.75 

50 

100 

37 

6609 

4.50 

50 

200 

57 

6609 

9.84 

TABLE 4B 

400  KILOMETER  ORBIT,  HIGH  HOUSEKEEPING  POWER 


Pt 

Ph 

Rectenna 

Peak  Beam 

<nr> 

(MW) 

(kW) 

Diameter 

(meters) 

Intensity 

(W/m^) 

(%) 

50 

500 

107 

6609 

25.49 

50 

1000 

260 

6609 

51.88 

75 

500 

79 

9913 

16.75 

75 

1000 

141 

9913 

34.42 

100 

500 

65 

13,217 

12.29 

100 

1000 

107 

13,217 

25.49 

125 

500 

57 

16,522 

9.84 

125 

1000 

90 

16,522 

20.27 

150 

500 

50 

19,826 

7.82 

150 

1000 

79 

19,826 

16.75 
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TABLES 

VARIATION  OF  RECTENNA  DIAMETER  WITH  FREQUENCY 
FOR  200  KILOMETER  ORBIT  WITH  Pr  /  Pt  =1/50 
(<nr>  =  89.25  %) 


Frequency 

Rectenna 

Peak  Beam 

Peak  Beam 

(GHz) 

Diameter 

Intensity  (W  /  m^) 

IntensityCW  /  m^) 

(meters) 

Low  power)* 

(High  power)** 

2.45 

1008 

5247 

26,233 

5.9 

419 

30,430 

152,100 

35.0 

71 

1.071  X  106 

5.354  X  106 

94.0 

26 

7.724  X  106 

38.62  X  106 

*Pt  =  10  MW,  Ph  =  200  kW,  power  per  diode  =  26  watts. 
**Pt  =  50  MW,  Ph  =  1000  kW,  power  per  diode  =131  watts. 


TABLE  6 

VARIATION  OF  RECTENNA  DIAMETER  WITH  FREQUENCY 
FOR  300  KILOMETER  ORBIT  WITH  Pr  /  Pt  =1/50 
(<Tir>  =  63.66  %) 


Frequency 

Rectenna 

Peak  Beam 

Peak  Beam 

(GHz) 

Diameter 

Intensity  (W  /  m^) 

Intensity  (W  /m^) 

(meters) 

(Low  power)* 

(High  power)** 

2.45 

366 

2345 

11,726 

5.9 

152 

13,600 

68,000 

35.0 

26 

478,600 

2.393  X  106 

94.0 

9.5 

3.452  X  106 

17.26  X  106 

*Pt  =10  MW,  Pr  =  200  kW,  power  per  diode  =12  watts. 
**Pt  =  50  MW,  Pr  =  1000  kW,  power  per  diode  =  59  watts. 


TABLE? 

VARIATION  OF  RECTENNA  DIAMETER  WITH  FREQUENCY 
FOR  400  KILOMETER  ORBIT  WITH  Pr  /  Pt  =1/50 
(<nr>  =  51.88  %) 


Frequency 

Rectenna 

Peak  Beam 

Peak  Beam 

(GHz) 

Diameter 

Intensity  (W  /  m^) 

Intensity  (W  /  m^) 

(meters) 

(Low  power)* 

(High  power)** 

2.45 

260 

1322 

6609 

5.9 

108 

7667 

38,330 

35.0 

18 

269,800 

1.349  X  106 

94.0 

6.8 

1.946  X  106 

9.729  X  106 

*Pt  =10  MW,  Pr  =  200  kW,  power  per  diode  =  6.6  watts. 
**Pt  =  50  MW,  Pr  =  1000  kW,  power  per  diode  =  33  watts. 
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CONCLUSIONS 


A  study  of  the  MTL  (Microwave  to  Low  Earth  Orbit)  concept  to  power  SDI  missions  has 
been  made  The  size  of  the  rectennas  and  the  average  reception  efficiencies  needed  for  four 
levels  of  housekeeping  power  (100,  200,  500,  and  1000  kW)  has  been  computed  for 
satellites  in  polar  orbit  at  altitudes  of  200, 300,  and  400  kilometers.  The  design  of  the  MIL 
system  for  a  given  altitude  and  level  of  housekeeping  power  involves  a  compromise 
between  rectenna  size,  transmitter  array  size,  level  of  transmitted  power,  and  frequency. 
The  need  to  keep  rectennas  small,  and  the  need  to  avoid  overloading  the  rectenna  diodes  are 
the  major  constraints  on  the  system. 
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ATTN:  J  P  CASTILLO 
ATTN:  R  PARKER 


ATTN:  DOCUMENT  CONTROL  LORAL  VOUTHG  SYSTEMS  CORP 

2CYATTN:  LIBRARY 

BATTELLE  MEMORIAL  INSTITUTE 

ATTN:  V  PUGLIELLI  MARTIN  MARIETTA 

ATTN:  P  HEILAND 

BDM  FEDERAL  INC 

ATTN'  E  DORCHAK  MISSION  RESEARCH  CORP 

ATTN:  EMP  GROUP 

BDM  FEDERAL  INC 

ATTN'  LIBRARY  MISSION  RESEARCH  CORP 

ATTN:  D  SULLIVAN 
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DNA-TR-94-49  (DL  CONTINUED) 


MISSION  RESEARCH  CORP 
ATTN:  MBOLLEN 

MISSION  RESEARCH  CORP 
ATTN:  J  LUBELL 
ATTN:  J  R  CURRY 

MITRE  CORPORATION 

ATTN:  CORPORATE  INFO  SVCS 
ATTN:  M  FITZGERALD 

PACIFIC-SIERRA  RESEARCH  CORP 
ATTN:  HBRODE 

PHOTOMETRICS,  INC 
ATTN:  ILKOFSKY 

PHYSICS  INTERNATIONAL  CO 
ATTN:  B  HARTENECK 
ATTN:  DV  DRURY 
ATTN:  G  MILLER 
ATTN:  J  BENFORD 
ATTN:  J  S  LEVINE 
ATTN:  L  SMITH 
ATTN:  L  THOMPSON 
ATTN:  N  AIELLO 
ATTN:  NJ  COOKSEY 
ATTN:  PSINCERNY 
ATTN:  RR  SMITH 
ATTN:  S  ASHBY 
ATTN:  SPOTTER 


PULSE  SCIENCES,  INC 

ATTN:  TECHNICAL  LIBRARY 

RESEARCH  TRIANGLE  INSTITUTE 
ATTN:  M  SIMONS 

SCIENCE  APPLICATIONS  INTL  CORP 
ATTN:  WCHADSEY 

SRI  INTERNATIONAL 

ATTN:  ELECTROMAG  SCI  LAB 

TRW  INC 

ATTN:  LIBRARIAN 

TRW  INC 

ATTN:  TIC 

TRW  SPACE  &  DEFENSE  SECTOR 
ATTN:  DM  LAYTON 
ATTN:  ASPEHAR 

UNISYS  CORPORATION-DEFENSE  SYSTEMS 
ATTN:  TECHNICAL  LIBRARY 

UNITED  TECHNOLOGIES  CORP 
ATTN:  R  D  TOTTON 

VARIAN  ASSOCIATES  INC 

ATTN:  TECHNICAL  LIBRARY 
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